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ABSTRACT
The wettability of a solid surface is a very important property, and is governed by
both the chemical composition and the geometrical microstructure of the surface.
Wettability and repellency are important properties of solid surfaces from both
fundamental and practical aspects. The wettability of the solid surface is a characteristic
property of materials and strongly depends on both the surface energy and the surface
roughness. These properties may be approached by mimicking hydrophobic structures
created by nature on lotus leaf surface. The lotus effect is based on surface roughness
caused by different microstructures together with the hydrophobic properties of the
epicuticular wax.
The present study investigates the basic principles involved in the fabrication of
lotus-like materials on both fibrous and inorganic substrates utilizing the two essential
requirements, surface roughness and hydrophobicity. The surface roughness was created
either by a porous or a bumpy profile while the hydrophobicity was achieved by grafting
a non-fluorinated hydrophobic polymer. For the porous profiles, polymer blend systems
showing phase separation were utilized whereas the bumpy profiles were achieved using
nanoparticles such as calcium carbonate, silver, or silica particles. In the last part of the
research, functionalization of silica nanoparticles was investigated and the development
of a universal modification step to obtain the ultrahydrophobic property is reported. In
this approach, the adsorption of the polymer and the nanoparticles to fibers has been
optimized and the self-cleaning effect of these fabrics modified with silica nanoparticles
has also been demonstrated.
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CHAPTER 1
INTRODUCTION
Ultrahydrophobic materials, those exhibiting superior water repellent properties,
have become an important research topic in the 21st century because of their self-cleaning
properties. This characteristic was first reported by Barthlott and Neinhuis 1 in their
research on micro-structure of lotus leaves, the water repellency of which enables these
surfaces to remain clean by preventing dirt/contaminant from sticking to it. These selfcleaning surfaces have since been the focus of much research due to their wide range of
application potentials 2, 3 , 4 , 5 ranging from everyday household and consumer items to
aerospace industry to computer micro-chips.
Though this research in general has become widespread, studies pertinent to
ultrahydrophobic materials on fibrous (textile) substrates are limited. 6 Therefore this
research is primarily focused on establishing the fundamental principles involved in the
fabrication and preparation of such materials on fibrous substrates. The study also
extends to flat surfaces since silicon substrates were used as the control for these
investigations. The results obtained could lead to a variety of new applications for both
apparel and industrial fabrics, including clothing, automobile fabrics, outdoor furniture
materials, tents and umbrella fabrics.
The two important requirements for the fabrication of ultrahydrophobic materials
include the presence of a low surface energy (hydrophobic) and a surface roughness
component. In this research work, the low surface energy was achieved by grafting either
of two hydrophobic polymers, polystyrene (PS) or triblock copolymer poly (styrene-b-

1

(ethylene-co-butylene)-b-styrene) (SEBS). For the surface roughness, various methods
were designed to create a porous profile or a bumpy profile on the substrate.
A literature review pertinent to hydrophobic and ultrahydrophobic materials is
presented in Chapter 2, while the common experimental procedures followed for most of
the research reported here are discussed in Chapter 3. The porous profiles discussed in
Chapter 4 were formed by initially preparing a phase-separated system and then
extracting one of the phases using a selective solvent. The formation of bumpy profiles
discussed in Chapters 5, 6, 7 and 8, were primarily achieved through the attachment of
nanoparticles to the substrate. In most of these studies, poly (glycidyl methacrylate)
(PGMA) was used as the macro-molecular anchoring layer 7,8 to enhance the surface
functionality, thereby promoting surface attachment.
In preparation of the porous profiles, the use of PS and SEBS based polymerblend system to induce phase separation is discussed in Chapter 4. Ethyl acetate, a nonsolvent for the SEBS phase, was used to extract the PS phase from the blend. This
extraction of PS creates a porous morphology, with the effect of the pore size being
studied by changing the molecular weight of the PS phase and percentage blend
compositions of the PS/SEBS system. The classical contact angle models proposed by
Wenzel, 9,10 which predicts the complete wetting of the pores and Cassie-Baxter, 11,12
which predicts the non-wetting of the pores, were used to characterize the porous
structures and determine the reason for the increase in the observed water contact angle
(WCA). The results obtained here indicate the partial wetting and non-wetting of the
pores and this is defined as the intermediate regime (between the Wenzel and Cassie-

2

Baxter regime). In addition these structures are found to resemble non-ideal surfaces,
having an edge effect at the pore boundary. This effect was also found to be responsible
for the increase in the observed WCA.
In Chapter 5, a two-step approach using calcium carbonate (CaCO3)
nanoparticles and SEBS was designed to create a hydrophobic bumpy profile. CaCO3,
typically a filler material was used as the roughness initiating component and SEBS as
the hydrophobic component. Cube and aspherical shaped nanoparticles were used to
study the effect of shape factor on roughness. This approach when applied to both flat
and textile substrates demonstrated that the ultrahydrophobic condition can be reached
for both. However, aggregation of the CaCO3 nanoparticles and the robustness of this
coating were some of the issues to be resolved. To maintain the roughness and to
improve the robustness of the coating, the polymer containing the nanoparticles was
subsequently crosslinked using a photo-initiator as discussed in the following chapter.
In Chapter 6, benzophenone (BP) was used as a photo-initiator to crosslink the
SEBS block copolymer under UV irradiation, thereby restricting the movement of the
CaCO3 nanoparticles. Detailed investigations of the crosslinking of thin films made from
the SEBS block copolymer showed additional results about the formation of semiordered micron-sized morphologies after exposure to different solvent conditions. The
evolution of these morphologies was studied as a function of the thickness of the polymer
film, the level of crosslinking, and the solvent treatment. The morphologies formed were
reversible under certain solvent treatments and the characteristic finger-print morphology
of the SEBS tri-block copolymer was found to be preserved after these treatments. To

3

further understand this behavior, these results were compared to some theoretical models
proposed in the literature.
Based on the results obtained in Chapter 5, and to design a methodology to
reduce the nanoparticle aggregation, a multi-step approach was studied as described in
Chapter 7. In this approach silver nanoparticles were used as the roughness initiating
component and PS as the hydrophobic component. This approach involves, first, the
functionalization of the substrate, then the adsorption of the nanoparticles, followed by
entrapment of the nanoparticle through coating with a reactive polymer layer, and finally
the grafting of PS polymer. In a similar experiment silica nanoparticles were used to
demonstrate the universality of this approach and to optimize the roughness parameters
required to obtain ultrahydrophobicity. In this approach, due to the presence of the
reactive polymer layers, the modification process is more robust than the previous
approach using CaCO3 nanoparticles. In addition the aggregation of the nanoparticles
was significantly reduced compared to the previous approach. Though this approach
showed the transition of hydrophobic textile materials to ultrahydrophobic materials, the
approach utilized here involved a multi-step fabrication process, and the fabric hand after
the modification deteriorated. To address these two issues, the silica nanoparticles were
functionalized with a reactive polymer and directly applied to the substrate.
Chapter 8 reports the functionalization of silica nanoparticles with a PGMA
polymer that was fluorescent labeled and the method of application to the textile fabric
substrates. Here the adsorption of the PGMA polymer to the silica nanoparticles was
optimized, as a result of the labeling process that assisted in the monitoring of the

4

nanoparticles adsorbed to the substrates, thereby decreasing the nanoparticle adsorption
while still maintaining the ultrahydrophobic property. Nanoparticle and reactive polymer
optimization improved the fabric hand value, as measured using the Kawabata Evaluation
System (KES). Finally, the self-cleaning effect of the ultrahydrophobic fabrics made
from this approach was demonstrated. Chapter 9 summarizes the results obtained from
all the above Chapters.
This research will add to the existing knowledge about the fabrication of
ultrahydrophobic

materials

using

non-fluorinated

hydrophobic

polymers

and

nanoparticles. An application of this research is illustrated in Appendix I, which details
both the preparation of a multi-layered fabric system using ultrahydrophobic fabrics,
typically used for military applications and the studies on the ability to transport water
through these fabrics.

The use of ultrahydrophobic fabrics affected the wettability

gradient of the layered fabric systems, thereby showing that such factors could play an
important role in the water transport properties of these systems.
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CHAPTER 2
LITERATURE REVIEW
In general a material can either be termed as hydrophilic (water loving) or
hydrophobic (water hating) based on its behavior with respect to water. This research
focuses on obtaining hydrophobic materials and then exploring the possibilities and
requirements of transitioning it to an ultrahydrophobic material, particularly textiles.
Therefore this chapter will give an overview of the theoretical considerations of the
hydrophilic and hydrophobic materials and the current methods practiced to fabricate
hydrophobic materials, particularly textiles. In addition, the research pertinent to
ultrahydrophobic materials and the fabrication of such materials on textiles are also
discussed.
2.1: Qualitative definition of hydrophilicity and hydrophobicity
The phenomenon of water wetting affects various fields of technology such as
adhesion,

biology,

biomaterials,

detergents/surfactants,

environment/geosciences,

medicine and paints/coatings/thin films1. The initial research on the physicochemical
properties of water and how it wets materials is based on the studies performed by
nineteenth century researchers Pierre Laplace2 and Thomas Young3,4. In general it is
assumed that water wets a solid if the contact angle is zero and does not wet the solid if
the contact angle is greater than 90°.5 Although in many instances, wetting is considered
to occur at zero contact angle, partial wetting from zero to 90°, partial non-wetting at
contact angles greater than 90° and complete non-wetting at 180°. It must be understood
that this applies only in a geometric sense and does not have any clear indication of the
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extent of wettability for any given surface using this nomenclature.6 Typically wetting is
considered as a contact angle phenomenon where the distinction in wetting behavior is
seen physically in the way the water spread on a solid: if it spreads over the surface
easily, the contact angle is zero; if it beads up and runs off the surface the contact angle is
greater than 90°.5 The larger the contact angle, the more hydrophobic/non-wettable the
surface is. In some cases, such as surfaces with open structures (e.g. textile fabrics) the
wetting is considered a capillary action phenomena related to that of capillary rise,
resulting from the pressure difference across the curved surface of the meniscus as the
liquid penetrates between the fibers of the fabric.5
2.2: Quantitative definition for hydrophilicity and hydrophobicity
Though wetting behavior is the common nomenclature used to designate
hydrophilic and hydrophobic materials, it is primarily based on perception and is
therefore purely descriptive.6 Van Oss et al. and Vogler defined these two concepts
quantitatively using surface thermodynamic theory6 and surface forces7, respectively.
The surface dynamic theory explains the interaction between condensed phase
materials across an interface, providing a basis for a quantitative definition of these terms
in the form of the free energy of interfacial interaction between particles, in an aqueous
environment. This description can therefore reveal the properties of the materials and of
the liquid medium that are responsible for the interfacial behavior. The free energy of
cohesion of a condensed material‘s’, in vacuo is given by:
ΔG ss

Coh

The surface tension, γsv is given by:

8

= −2γ sv

(2.1)

γ sv = γ svLW + γ svAB

(2.2)

where γLW is the Lifshitz-van der Waals component and γAB is the Lewis acid base
component. The interfacial free energy8 represented by superscript IF between two
objects of the same material ‘s’ in the presence of water w is given by:
= −2γ sw

(2.3)

LW
AB
γ sw = γ sw
+ γ sw

(2.4)

ΔG sws

IF

where

The interfacial free energy change ∆GswsIF will be zero when:
LW
AB
γ sw
= −γ sw

(2.5)

When Equation 2.5 is true, the total interfacial tension γsw is zero, meaning that
the interfacial free energy of the same material ‘s’ in presence of water ‘w’ (Equation 2.3)
is zero. Under these conditions, the polar repulsion between the surface of material ‘s’
immersed in water is equal to the sum of the typically large polar cohesive attraction of
the water molecules and the small van der Waals attraction between surfaces of the same
material in water.

Van Oss et al. refer to this condition as the boundary between

hydrophobicity and hydrophilicity, the plot of ∆GswsIF shown in Figure 2.1 describing
this boundary condition.

Thus in the case of hydrophobic materials, ∆GswsIF has a

negative sign, i.e., the surfaces of the material immersed in water preferring to be in
contact with each other rather than forming an interface with water. Whereas in the case
of hydrophilic materials, ∆GswsIF has a positive sign indicating that the material prefers to
form an interface with water rather than with itself. The contact angle plotted in Figure
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2.1 is related to the surface thermodynamic properties of the solid (S) and liquid (L) via
the Young equation for polar materials.6
Vogler7 has quantified the definition of hydrophilicity and hydrophobicity using
the surface force data reported by Pashley and Kitchner9 and Yoon et al.10 As shown in
Figure 2.2, he suggests that at least two types of water structure and reactivity exists at
the surface. The term water structure here refers to the solvent properties of water near a
solute or surface, both commonly referred to as vicinal water that strongly depend on the
state of self dissociation.

Figure 2.1: Plot of ∆GswsIF (left) and the contact angle of water (right) on a solid
surface both as a function of the Lewis base parameter, γ-, for a clay mineral
having γLW = 37 mJ/m2 and γ+ = 0.5 mJ/m2.The boundary between hydrophobicity
and hydrophilicity is marked at ∆GswsIF = 0 (Reprinted with permission from Clay
and Clay Minerals).
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Figure 2.2: Water structure and reactivity at biomaterial surfaces inferred from a
composite view of surface forces and formation of condensate water films showing
that the BECB limit acting as a transition between the hydrophilic and hydrophobic
surfaces (Reprinted with permission from Springer Science and Business Media).

Pashley and Kitchner9 studied the equilibrium thickness of condensate water films
grown from vapor onto crystalline quartz plates using ellipsometry. Similarly, Yoon et
al.10 studied the surface forces measured by D0 (represents the characteristic decay length
which is measured as the distance ‘D’ at which the hydrophobic forces are observed to
decay to zero) using a modified atomic force microscope (AFM) as a type of surface
force apparatus. This apparatus provides information describing the long range attraction
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between opposing hydrophobic surfaces immersed in water. These ‘hydrophobic’ forces
decay exponentially as the separation distance ‘D’ increases with the characteristic decay
length ‘D0’ having the form exp(-D/D0). Yoon et al. reports that between the range 20 <
τ0 (water adhesion tension) < 40 dyn. cm-1, the attractive (hydrophobic) forces deviate
from the monotonically decreasing trend and become repulsive (hydration) forces,
although there is insufficient data to determine the reason for this change. As a result,
they extrapolated the linear trend to D0 = 0, and found that the hydrophobic forces are not
supported on surfaces more wettable than τ0 = 33.7 dyn. cm-1 (θ = 62.4 degree),a finding
similar to the 65 degree limit suggested by Berg et al11. Vogler et al. refer to this limit
(shown in Figure 2.2) as the BECB limit (named after the authors11) anticipating two
types of biological responses to materials above and below this limit. A Type I biological
response to hydrophobic surfaces is defined as less water wettable than the ones within
the BECB limit while a Type II biological response to hydrophilic surfaces is defined as
more water wettable than the BECB limit.
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2.3: Wetting behavior as a contact angle phenomenon
In addition, knowing the wetting behavior of the material is necessary in order to
classify whether the material is hydrophilic or hydrophobic. Wetting systems usually
consist of three phases: solid, liquid and fluid (either a 2nd liquid or vapor), typically
taking several forms depending on their corresponding geometries12. For instance, the
liquid can be a drop on a solid surface; or the liquid can be inside a porous solid
displacing a fluid. Also both the solid and liquid can be immersed in a fluid; or solid
particles floating at the interface between the liquid and the fluid; or a solid could be
immersed in a liquid, having bubbles of fluid attached to it. No matter what these cases
are, the characteristic that determines the behavior of the system is the contact angle
(CA).12 The CA (θ), as shown in Figure 2.3, is defined as the angle between the tangent
of the solid-liquid interface and the tangent of the liquid-fluid interface.
Water droplet
θ

Solid Substrate
Figure 2.3: Schematic of a liquid placed on a solid with a definite contact angle

In most cases a liquid placed on a solid will not completely wet the solid, but
remains as a drop with a definite angle of contact between the liquid and the solid phase
(Figure 2.3).5 Based on this contact angle, the equation determining the change in
surface free energy, ∆GS, resulting from a small displacement of the liquid causing a
change in area of solid covered, ∆A, can be given by:5
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ΔG S = ΔΑ(γ SL − γ SV ) + ΔΑγ LV cos(θ − Δθ )
o

(2.6)

where γIJ is the interfacial tension (energy per unit surface) of the interface IJ, and the
letters S, L, V designate the phases of the solid, liquid and vapor. The superscript on γSVo
indicates that the solid surface must be in equilibrium with the saturated vapor pressure
Po and that there must, therefore, be an adsorbed film of film pressure πo (where π is the
film pressure).
At equilibrium:
ΔG S
=0
lim
ΔΑ →0 ΔΑ
and

γ SL − γ SV o + γ LV cos θ = 0

(2.7)

γ LV cos θ = γ SV o − γ SL

(2.8)

or

The re-arrangement of Equation 2.7 derived by Thomas Young3,4 in 1805 leads to
equation 2.8, referred to as Young’s Equation. Using this Equation, in 1869, Dupré
defined the work of adhesion (wSLV)8 in algebraic form.
wSLV = γ LV (1 + cos θ )

(2.9)

The Young’s Equation does not hold when the contact angle of the liquid wetting a solid
equals zero. In this case the imbalance of the surface free energies is given by the
spreading coefficient, SL/S(V):5
S L / S (V ) = γ SV − γ LV − γ SL
o

14

(2.10)

However the wetting behavior in reality is much more complex than these equations
suggest when the solid substrates are non-ideal: i.e., both rough and chemically
heterogeneous13.
2.4: Contact angle on rough surfaces

Surface roughness causes defects inducing fluctuations of the contact angle,
thereby modifying the value of the effective contact angle observed on the substrate.13
Specific examples of these non-ideal surfaces include droplets remaining on a tilted
substrate such as a automobile windshield.

In this case, though the drop is static,

different angles coexist along the contact line: large angles at the front of the drop and
small angles at the rear. These differences generate a capillary force that balances the
weight of these small drops on the surface,13 known as the contact angle hysteresis. In
general as roughness increases, small variations of the angles are observed along with a
significant increase of hysteresis. Many researchers have observed that this contact angle
can be tuned by varying the solid roughness.15-21 In addition, it has been observed that
increasing the roughness not only increases the contact angle but also nearly eliminates
the hysteresis. Hence in the hydrophilic domain (cos θ >0), the effective contact angle is
smaller than the Young’s contact angle and in the hydrophobic domain (cos θ <0), it is
larger than the Young’s contact angle.
To understand how roughness affects wetting, Wenzel21 proposed a
phenomenological model (see Figure 2.4) considering a rough solid, with a roughness
parameter r, which is defined as the ratio of surface area of the solid to its apparent
surface area. The effective contact angle called the Wenzel contact angle (θW) is then
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determined by considering a small displacement ‘dx’ of the contact line and the relation is
given by:
cos θ W = r cos θ

(2.11)

where θ is Young’s contact angle (Equation 2.8).

Figure 2.4: The Wenzel Contact Angle Mode

This relation predicts that θW < θ < 90° and θW > θ > 90° since r>1, meaning that both
the hydrophilicity and hydrophobicity are enhanced by roughness.13

Though this

relationship is in qualitative agreement with studies by Johnson and Dettre22 and
Shibuichi et al.14, a simple linear relationship indicated by Equation 2.11 is not observed
due to discontinuity in the contact angles.13 This discrepancy is explained by Cassie and
Baxter23, who considered a rough surface to be a two dimensional porous medium. When
a water droplet is suspended on it, the drop may or may not propagate inside the
roughness.

Figure 2.5: The Cassie-Baxter Contact Angle Mode
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In their investigation of the wettability of the porous surfaces, Cassie and Baxter
(CB Model) proposed a model suggesting that the porous surfaces have two area
fractions: f1 being the area of the solid-liquid interface and f2 the area of the liquid-air
interface in a plane geometrical area of unity parallel to the rough surface. The CB
Equation is given by:
cos θ CB = f1 cos θ − f 2

(2.12)

Equation 2.12 reduces to the Wenzel Equation (Equation 2.11) if the rough
surface is not porous (f2=0), introducing the air entrapment as a factor in the observed
increase in contact angles. This CB model is in fair agreement with the studies of
Johnson and Dettre, and Shibuichi et al. Though these descriptions of the wetting of a
rough surface may be useful, they do not completely address this phenomenon.13
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2.5: General Preparation of Hydrophobic Substrates

The ability to grow ordered, monomolecular and multilayer films on solid
surfaces in a controlled manner has lead to many potential applications including control
of surface properties such as wettability and friction.24 Such layers are prepared using
thiol and silane chemistries,25,26,27 which are among the widely used chemistries for
surface functionalization. In 1983, Nuzzo and Allara first reported the self-assembly of
alkanethiols on gold by discovering that alkyl disulfides and alkanethiols spontaneously
form organized monolayers and make the surface hydrophobic.28 These monolayers are
characterized by relatively strong and slightly polar sulfur gold covalent bonds, high
surface coverage approaching bulk spacing, and orientational ordering with chain tilts of
ca. 20-30° from the surface normal.29,30,31,32
The alkanethiol molecule is comprised of three chemical entities, each of which
plays an important role in the self assembly process. Thiol sulfur, the first entity, is
responsible for the self assembly creating a surface concentration that causes medium
strength interaction between sulfur and gold (c.a. ~ 45 kcal/mol).33 The second entity is
the backbone component; typically a chain of methylene groups but it can also contain
double bonds or perfluoro units. The van der Waals forces between these methylene
carbons also provide a driving force to the self-assembly.33 The final component of the
alkanethiol molecule is considered the head group, which can be any desired
functionality.

For example, alkanethiols, specifically 1-octadecanethiol25 and

dodecanethiol with a hydrophobic group (-CH3) are the most frequently used thiol
chemistries for the preparation of hydrophobic monolayers.27
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In the case of silane chemistry, alkylsilane monolayers are widely used for
obtaining hydrophobicity which can strongly bind to the surface, preventing them from
migrating or transferring from one surface to the other.34,35 These monolayers however,
require

an

oxidized

surface.

According

to

Polymeropoulus

and

Sagiv,

alkyltrichlorosilanes adsorbed on oxidized surfaces are irreversibly bound,36,37 resulting
in highly stable well ordered monolayers grown through the covalent binding of active
silane molecules to the surface.38,39,40

Alkylsilanes form durable wear resistant

monolayers since the covalent Si-O-Si bond, along with the in-plane polymerization,
holds them strongly to the surface. These monolayers are also stabilized by van der
Waals interactions between adjacent alkyl chains and are further stabilized by various
degrees of planar polymerization between the head groups. Specific examples of the
alkylsilanes used for creating hydrophobic surfaces include decyltrichlorosilane and
octadecytrichlorosilane (OTS).25
2.6: Hydrophobic Substrates Prepared by Polymer Grafting

One of the most common methods for making a surface hydrophobic is through
the attachment of hydrophobic polymers to substrates. The assembly of these polymer
chains tethered by one end to a surface or interface is generally referred to as a polymer
brush.41 The two general ways to fabricate these polymer brushes are physisorption and
covalent attachment (Figure 2.6).41 In polymer physisorption, block copolymers adsorb
onto a suitable substrate with one block interacting strongly with the surface and the other
weakly with the substrate. Covalent attachment can be achieved by the grafting to or
grafting from approaches.

In a grafting to approach, end functionalized polymer
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molecules react with suitable functional groups on the substrate surface to form a
polymer brush. In the grafting from approach, the substrate is initially functionalized
with an initiator followed by subsequent polymerization reaction, thereby synthesizing
the polymer brushes on the substrate surface. Recent research in polymer science has
made it possible to control polymer chain lengths, which is useful in the fine tuning of the
surface properties. Specific examples of the grafting to and grafting from approaches to
obtain hydrophobic surfaces are discussed below.

Physisorption

M

M

M
M

B
A

A

M

A

I

A

I

*
I

“Grafting from”

“Grafting to”

Figure 2.6: Surface modification with polymers by “physisorption”, “grafting to” and
“grafting from” approach.41

20

I

2.6.1: Grafting from Approach

The grafting from approach, a promising method for the attachment of polymers
to substrates, leads to the formation of polymer brushes with high grafting density,
generated using an in-situ polymerization reaction involving a surface immobilized
initiator.42-48 For example, Granville and Brittain reported the synthesis of homopolymer
brushes consisting of fluoropolymer materials on glass frits using this approach.48 In
their study, first a bromo isobutyrate atom free radical polymerization (ATRP) initiator
was deposited onto porous silica substrates using a self assembly method. Then poly
(methyl acrylate) (PMA) homopolymer brush was synthesized on the initiator modified
substrate and its static water contact angle was found to be 58°. A copolymer brush was
synthesized on the PMA modified substrate using 2,2,3,3,3-pentafluoropropyl acrylate
(PFA) to form a PMA-b-PFA diblock system. The static water contact angle was found
to increase from the initially observed 58° to 135°. The researchers also report a reversal
of the contact angle from the hydrophobic regime to the hydrophilic regime when the
substrates were subjected to solvent and thermal treatments.
In addition, Jordan et al.44 utilized anionic polymerization to synthesize
polystyrene brushes on gold substrates. Here, self assembled monolayers of 4’-bromo-4mercaptobiphenyl and 4′-hydroxy-4-mercaptobiphenyl were prepared on the substrate
using a solution of (10 µM) thiol and ethanol for 16 hour. It was then treated with
secondary butyl lithium (s-BuLi), resulting in a monolayer of biphenyllithium.
Subsequent polymerization reaction was carried out for 3 days at room temperature with
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styrene monomer before being terminated with 2-propanol. Based on their results, the
authors report both high grafting density (3.2 – 3.6 nm2/chain) and high grafting stability.
2.6.2: Grafting to Approach

In this approach, end functionalized polymers react with substrates under specific
conditions to form a tethered polymer brush. For example, Sèbe et al.49 reported the use
of covalent grafting of hydrophobic silicone polymers on wood surfaces. In this study,
the wood was first treated with maleic anhydride and allyl glycidyl ether to introduce
terminal alkenes on the surface. This alkene-terminated wood surface was then exposed
to hydride terminated silicones to hydrosilate the endgroups. This treatment was found to
yield highly hydrophobic surfaces, thereby improving the wood’s dimensional stability,
which is a function of the moisture content, biodegradability, and weathering. Similarly,
Koustos et al.50 have synthesized a series of thiol end functionalized polystyrene
monolayers with low polydispersity via anionic polymerization to covalently attach the
polystyrene chains on a gold surface making the surface hydrophobic.
More recently, Luzinov et al.51 studied the grafting of carboxy terminated
polystyrene to epoxy modified silicon surfaces to make the surfaces hydrophobic. Here
epoxysilane was used to modify the silicon surface to obtain the initial anchoring
monolayer, and the carboxy terminated polystyrene was grafted to the substrate, followed
by annealing at 150 °C and rinsing with a solvent to remove any ungrafted polymer from
the surface. In addition, Ionov et al.52 discussed the preparation of switchable binary
polymer brushes grafted to silicon waters using hydrophilic and hydrophobic
components. Depending on the external stimuli, i.e., solvent and temperature, switching
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between the binary brushes occurs after grafting, causing the transition from hydrophobic
to hydrophilic and vice versa. The binary brush system utilized here is reported to be
composed of polystyrene and poly (2-vinyl pyridine), with polystyrene being the
hydrophobic polymer. Polyisoprene (PI) based systems have also been observed to
exhibit this transition behavior, these systems being found to show a change in the water
contact angle from 69° to 80° upon changing the pH from neutral to acidic and vice
versa.
Similarly grafting of hydrophobic polymers to fibrous substrates has been
reported.

For example, Motornov et al.53 have modified polyamide substrates by

functionalizing them with NH3 plasma followed by a two-step grafting procedure. This
procedure included grafting polystyrene and poly (2-vinyl pyridine) to fabricate the
binary polymer brush procedure52 described above. These synthesized polymer brushes
were reported to produce excellent responsive properties with the wettability transition
occurring from the completely wet state (water contact angle ~ 0°) to a highly
hydrophobic state (water contact angle ~ 130°). Also, Burtovyy et al.54 reported the
grafting of hydrophobic polymer layers to both poly (ethylene terephthalate) (PET) and
nylon substrates. Carboxy terminated poly (pentafluorostyrene) (PPFS) was used as the
hydrophobic polymer. Water contact angles as high as 105° were obtained on both PPFS
modified PET substrate and nylon substrates.
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2.7: Hydrophobicity in Textile Materials

Hydrophobicity in textiles is often required to create water repellent materials.
Water repellency corresponds to a certain degree of resistance of a fabric to surface
wetting, water penetration, water absorption or any combination of these properties,55
while waterproof textiles represent materials that prevent the absorption of water and the
penetration of water into the structure.55,56 These waterproof textile fabrics provide a
barrier to water under all practical conditions because they contain no pores whereas
water repellent fabrics contain pores. Since breathability is an essential property for
fabric comfort,57 water repellent materials are more important than water-proof for
apparel. Some common water repellent finishes include fluorochemicals, metal salt
finishes, wax finishes, pyridinium-based finishes, organo-metallic complexes, Nmethylol derivatives and silicone finishes.57
For metal salt finishes, water repellency can be obtained by combining an
aluminium salt treatment with a soap treatment to deposit an insoluble hydrophobic
aluminium soap within the fabric.5859 Wax finishes, one of the popular forms of repellent
finishes used today,57 contain paraffin wax by itself, or in combination with one or more
waxes composed of esters of higher fatty acids and higher monohydric alcohols.59 Other
waxes used are beeswax, carnauba wax and VaselineTM.60 The most common method of
application is to pad an aqueous wax emulsion onto the fabric followed by melting and
redistributing the wax through some method of heating under pressure, for example,
calendering. The excess wax is then removed using doctor blades, and the fabric is air
dried to allow the wax to cool and re-solidify, before the fabric is wound onto a roller.57
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Pyridinium-based finishes used on cotton fibers have shown water repellency.61 A
commercial preparation method used in the USA involved a paste containing
stearamidomethyl pyridinium chloride, distearamidomethane, and a nitrogeneous resin
combined with pyridine and isopropanol.62 The primary problem with this type of finish
is the liberation of pyridine which has an unpleasant odor and is also a chemisterilant.
For these (toxicological) reasons, this method is not been widely used.57
Chromium and aluminium organo metallic complexes have also been used to
create a semi-durable water repellency in textile materials, both on natural and synthetic
fibers.5863 In a typical application, the pad liquor containing 30% stearato chromic
chloride (Quilon) is buffered with 4 g/l hexamethylene tetramine. Fibers containing
hydroxyl, carboxyl and sulphonic acid groups on the surface generate a negative charge
when placed in water. The high positive charge of the chromium atoms in the Quilon
causes them to bond strongly to the negative charge created on the fiber surface. As they
are bonded, the organic fatty acid groups which are hydrophobic become oriented
perpendicularly away from the surface, making the fabric hydrophobic.57 Hydrophobicity
can also be produced using N-methylol derivatives, which are typically used as self crosslinking resins and as a cyclic reactant to form cross-links with functional groups in the
fiber when combined with wax emulsions.64
Kipping et al. were the first to use polysiloxanes to generate water repellency on
textiles.65

This study was based on previous research conducted by Patnode, who

observed that paper treated with chloromethylsilanes was water repellent after exposure
to moist air.66 Polysiloxanes, with the chemical structure shown in Figure 2.7a, are
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usually used in textiles in the form of a mixture of linear polydimethylsiloxanes and
polymethylhydrogen siloxanes as shown in Figure 2.7b and 2.7c. Commercial water
repellents for textiles are used in the form of polysiloxane block copolymers as shown in
Figure 2.7d.57 These are typically applied to textile substrates by padding the material

with an aqueous polysiloxane emulsion followed by drying and curing for several
minutes at 120-150 °C.67,68 This treatment is typically designed to leave 1-2 % silicone
finish on the fiber surface; however when zirconium or titanium salts is co-applied, the
amount of silicone applied may be reduced due to the improved orientation of the methyl
rich surface layer away from the fiber surface.57 Polysiloxane finishes were widely used
between 1970 and 1990 for textile finishes not only because of their ease of application
but also because they are multifunctional.
However, fluorochemical finishes have since become popular, due to their low
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Figure 2.7: Chemical structures of (a) polysiloxane, (b) polydimethylsiloxanes, (c)
polymethyl hydrogen siloxanes and (d) block copolymer of b and c.
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add-on and increasing market demands.57 Unlike silicon and wax finishes that offer only
water repellency, they provide both water and oil repellency. Fluorochemicals are classes
of synthetically produced organic chemicals containing perfluoroalkyl residues (all of the
hydrogen atoms are replaced by fluorine).58,64,69,70 They have excellent chemical and
thermal stability, low reactivity because of their incompatibility with water and oil, and
low surface tension. 58,64,69,70 Fluorine being the most electronegative element, interacts
with carbon atoms to form strong carbon-fluorine bonds. The resulting fluorochemical
finishes have low reactivity and also exhibit a high degree of water repellency. In
addition, these properties also arise due to the unique molecular topography of these
chemicals. 58,64,69,70 The method of application of a fluorochemical finish depends upon
the form of the textile such as woven/ knitted fabric, and on whether the finish is required
to penetrate through the fabric structure or to provide a film covering all the fibers
uniformly, or if a topical application is sufficient.697071

The vast majority of

fluorochemical finishes used in textiles are cationic in nature, meaning the recommended
pH of the finishing bath should be approximately 5, which is usually obtained by adding
a small amount of acetic or formic acid to ensure that any residual alkalinity is
neutralized.57
Most fluorochemicals on the market have surface energy values in the range 1015 mN/m. Once applied to textiles, the critical surface tension (surface tension of a given
liquid at which the cosine of angle ‘θ’ equals to 1) of the fiber surface (γc) is reduced,
resulting in oil and water repellent properties.70 Based on this, stain and water repellency
is greater with fluorochemicals than silicone based finishes.
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2.8: General Preparation of Ultrahydrophobic Substrates

Surfaces that exhibit water contact angles typically larger than 150° are
ultrahydrophobic surfaces and are of special interests because they have a wide variety of
applications,72

including

anti-sticking,

anti-contamination,73,74

and

self-cleaning

surfaces.75,76,77,78,79 In addition, there are many industrial and biological applications
utilizing these properties such as anti-biofouling paints for boats,80,81 the manipulation of
hydrophobic interactions in protein adsorption82, the anti-sticking of snow on antennas
and windows, 83,84 self-cleaning windshields for automobiles,85 surface tension induced
micro-fluidic manipulation86,87 reduction of fluid resistance,88 metal refining, anti-soiling
architectural coatings89 and ultrahydrophobic textile materials.90
Ultrahydrophobic surfaces have been generated using top-down, bottom-up
approaches and a combination of these two approaches.72
approaches

involve

methods

such

as

micromachining95 and also plasma treatments.

Some of the top-down

templating,91,92

lithography,76,18,93,94

For plasma treatments, surfaces are

etched anisotropically, generating rough surfaces. Some of the examples of plasma
etching include poly(ethylene terephthalate) (PET),96 poly(tetrafluoroethylene) (PTFE),97
and poly(ethylene) (PE).98 Ultrahydrophobic substrates have also been prepared using
pulse laser treatments on poly (dimethylsiloxane) (PDMS).99,100
Sun et al.101 created a lotus leaf template using PDMS to form the negative and a
positive replica of the leaf (referred to as nano-casting) as shown in Figure 2.8. The
positive replica resembled closely the surface morphology of the lotus leaf on both the
micro and nanoscale. The SEM image of the positive replica shows small papillae hills
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with an average distance of 6 microns between the hills. The advancing contact angles
on both the negative and positive replica are found to be 110° and 160° respectively.

Figure 2.8: SEM images of (a) a natural lotus leaf, (b) its positive PDMS replica and (c)
the schematic illustration of the nano-casting of the lotus leaf101 (Reprinted with
permission from ACS publications).

Nanoimprint lithography is a pattern replication process similar to the templation
process. Here the pattern replication is accomplished through a heat and pressure process
where a hard master is pressed onto a thermoplastic polymer layer at a temperature above
the glass transition temperature of the polymer.102

After cooling and removing the

master, a negative replica is obtained. This technique is capable of replicating small
features down to a few nanometers depending on the master design. Lee et al.103 have
demonstrated the use of this technique to form different nanostructures on polystyrene
substrates (Figure 2.9). In this study, textured aluminium sheets and anodic aluminium
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oxide (AAO) membranes were prepared and used as replication templates. Polystyrene
(PS) polymer substrates were then applied during the imprinting process. After cooling
to room temperature, thereby releasing the pressure, the replication template was
removed from the polymer substrate by extracting Al using a saturated HgCl2 solution to
create a nanostructured PS surface. The diameters of the PS nanofibers were controlled
by using AAO replication templates with different pore diameters, while the lengths of
the PS nanofibers were controlled by appropriately varying the thickness of these
templates. The resultant contact angles on these surfaces were between 147.6 and 155.8°.
Various other lithography techniques such as capillary force lithography91 and
photolithography (X-ray76 and e-beam lithography94) can also be carried out to replicate
the ultrahydrophobicity of the lotus leaf.

Figure 2.9: Schematic representation of the heat and pressure driven nanoimprint
pattern transfer process for nanofabricating the surface of the thick polymer substrate
with (a) aligned nanoemboss, (b) nanopost array with embossed base, and (c) aligned
nanofibers103 (Reprinted with permission from ACS publications).
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Plasma treatment of surfaces involves plasma etching using reactive atoms or ions
(such as oxygen, fluorine, and chlorine) generated in a gas discharge. This reactive ion
etching is based on the fact that ions are accelerated in the boundary layer between the
plasma and the substrate with high directivity and hence will be able to create deep
grooves. Plasma treatments cause considerable change in the surface structure because of
the anisotropic etching of the surface layers.72 Fresnais et al.,98 who studied the plasma
etching of low density polyethylene (LDPE) with oxygen and CF4 plasma, found that this
process yielded a contact angle of 170° with a low hysteresis (<5°). The roughness of the
resulting surfaces has been reported to be within the range of 20 to 400 nm. Similarly,
Minko et al.97 investigated the plasma treatment using PTFE for the fabrication of selfadaptive surfaces. Oxygen plasma etched PTFE has resulted in water contact angle’s of
approximately 160° without contact angle hysteresis. Further treatment of these PTFE
surfaces with ammonia plasma and subsequent grafting with a mixed polymer brush leads
to switchable wettability.
Bottom-up approaches,72 which have been used to create ultrahydrophobic
surfaces, often involve self assembly and self organization. They also include chemical
deposition methods such as chemical bath deposition (CBD),104 chemical vapor
deposition

(CVD),105,106

deposition

via

electrochemical

electrostatic

assembly,109

deposition,107,108
colloidal

layer-by-layer

assembly,

110,111

(LBL)
sol-gel

methods,109,112,113 hydrogen bonding,114 and chemical synthesis.115 Hosono et al.104 used
the CBD approach to create a nanopin film from an aqueous solution of CoCl2 and
NH2CO. This nanopin film was deposited on commercial borosilicate glass slides in an
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autoclave. Since each metal complex in the solution is singly deposited on the surface
based on thermodynamic equilibrium conditions, single crystalline-like structures are
formed. After deposition, the nanopin was modified with lauric acid (WCA of flat films
of lauric acid is 75.1°), resulting in the formation of needle like structures with diameters
of 6.5 nm (Figure 2.10). The WCA of the resultant film is 178° and is known to be the

Figure 2.10: (a, b) FE-SEM images of the BCH-LA films observed from the top and
side, respectively. (c) TEM images of the BCH-LA films. (d) A simple model of the
film with the fractal structure104(Reprinted with permission from ACS publications).

highest contact angle reported thus far.

Shiu et al.111 reported the formation of mono-dispersed polystyrene (PS) beads on
substrate surfaces to form closely packed nanostructures through spin coating. They used
oxygen plasma etching to control the solid air fraction of these nanostructures, while the
size of these beads was reduced by controlling the etching conditions. Following the
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plasma treatment, the surfaces were coated with a layer of gold and a layer of
octadecanethiol SAM to render hydrophobicity. The SEM images of the PS beads and
the corresponding WCA are shown in Figure 2.11.

Figure 2.11: SEM images (60°) of the size-reduced polystyrene beads and the WCA
measurement on the corresponding modified surfaces (insets). The diameters of
polystyrene beads and water contact angles on these surfaces were measured to be (a)
400 nm, 135°, (b) 360 nm, 144°, (c) 330 nm, 152°, and (d) 190 nm, 168°. Bar: 1 µm111
(Reprinted with permission from ACS publications).

Zhang et al.110 used binary colloidal assemblies to create ultrahydrophobic
surfaces. CaCO3-loaded hydrogel spheres were dip-coated to silicon substrates and these
assemblies were employed as templates for the self-assembly of silica nanoparticles or
polystyrene beads. The hydrophilicity difference between the silicon wafers and the
hydrogel spheres causes region selective localization of silica or polystyrene spheres
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leading to irregular binary structures with a hierarchical roughness.

Subsequent

depositions of gold and SAM formation yield a WCA of approximately 160°.
Combining the bottom-up and the top-down approaches72 has the potential of
capitalizing on the advantages of both the techniques, a situation especially favorable for
the formation of the two-scale roughness resembling the lotus leaf structure. Some of
these

approaches

electrospinning.

include

120,121

CVD,116

membrane

casting,117

micelles118,119

and

Sun et al.116 demonstrated the fabrication of ultrahydrophobic

anisotropic-aligned carbon nanotubes (ACNT) film using CVD on silicon substrates with
quadrate micropillar arrays prepared through photolithography. Similarly, Erbil et al. 116
used isotactic polypropylene (i-PP) in the preparation of ultrahydrophobic surfaces by
controlling the selection of solvents and temperatures, reporting WCA of 160°.
Zhao et al.118 used micelle solutions of PS-B-PDMS block copolymer for the
preparation of ultrahydrophobic surfaces via vapor induced phase separation. Depending
on the solvents used and the humidity of the air, surfaces exhibiting different wettability
were observed. For these surfaces, enrichment of the PDMS block in the outermost
surface resulted in a WCA of 163° (Figure 2.12), due to the rearrangement of PDMS
block to the surface during the phase separation process. At the same time, Ma et al.’s121
approach combined electrospinning of poly(caprolactone) (PCL) with initiated chemical
vapor deposition (i-CVD) of polymerized perfluoroalkyl ethyl methacrylate (PPFEMA).
The hierarchical surface roughness inherent to PCL electrospun films and the low surface
free energy of the coating layer obtained through i-CVD yielded stable contact angles of
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approximately 175° and a threshold sliding angle less than 2.5° for a 20 mg water
droplet.

Figure 2.12: SEM images of the surfaces cast from a 5 mg/mL micellar solution of PS-bPDMS in DMF in the (a) dry and (b) humid air and from 5 mg/mL homopolymer
solution of PS in DMF in the (c) dry and (d) humid air at room temperature, respectively.
The RH of the dry atmosphere is less than 10% and is 60.5% for the humid air. (e) and (f)
are the side view of (b) and (d), respectively. Inset is water CA of each surface104
(Reprinted with permission from ACS publications).
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2.9: Ultra Hydrophobicity in Textile Materials

The preparation of ultrahydrophobic fibers/fabrics using different approaches that
resemble the “lotus effect” has been the focus of recent investigations.124-131

The

resulting unique approaches for fabricating ultrahydrophobic fabrics have introduced
such methods as the grafting of fluorinated polymers,122 flocking of nylon fibers on
polyester fabrics,123 responsive colloidal systems sensitive to pH,124 the use of carbon
nanotubes,125 the decoration of electrospun fibers,126 silicone coating,127 a combination of
silica nanoparticles and perfluorooctylated silane coupling agent,128 pulsed laser
deposition of teflon,129 graft-on-graft architecture using atom transfer radical
polymerization130 and the precipitation of gold micro/nanoparticles.131
Michielsen et al.122 have fabricated ultrahydrophobic nylon woven fabrics
consisting

of

multifilament

yarns

by

grafting

1H,1H-perfluorooctylamine

or

octadecylamine. They achieved ultrahydrophobicity with a WCA as high as 168°, based
on the surface roughness inherent in the fabric structure and a low surface energy
component. In an other approach, Michielsen et al123 prepared ultrahydrophobic surfaces
by coating the polyester surface with nylon 6, 6 short fibers via the flocking process. The
polyester fabric surface was initially coated with acrylic adhesive using screen printing
and then the short nylon fibers were shot from the applicator towards the adhesive. It is
reported that the flock fibers oriented in the flow direction to minimize the air resistance,
aligning the nylon fibers perpendicularly to the polyester fabric.

Then 1H,1H-

perfluorooctylamine was grafted onto the nylon surface to make the flocked polyester
fabric ultrahydrophobic with contact angles of approximately 170°.
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Figure 2.13:(a) Fluorinated filter paper: Water contact angle 150° (left), and
corresponding AFM amplitude image (5x5 µm) (right). (b) Fluorinated PGMA-grafted
filter paper: Water contact angle 154° (left), and corresponding AFM amplitude image (5
x5 µm) (right). (c)Fluorinated ‘‘graft-on-graft’’-modified filter paper: Water contact
angle 172° (left), and corresponding AFM amplitude image (5x5 µm) (right)104
(Reprinted with permission from RSC publications).

Nyström et al.130 generated ultrahydrophobic filter papers (cellulose substrate) via
graft-on-graft architecture. In this process, cellulose substrate was initially modified by
grafting glycidyl methacrylate under ATRP conditions to form poly (glycidyl
methacrylate)132 Next, the pendant epoxy groups on the surface were hydrolyzed under
acidic conditions and further reacted with pentadecafluorooctonoyl chloride. WCA’s as
high as 154° were obtained on these cellulosic substrates. To further improve the WCA,
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graft-on-graft architecture was followed, increasing the surface roughness and the
number of fluorine groups on the surface. As a result, the WCA was increased to
approximately 170° (Figure 2.13).

Figure 2.14: a, b) SEM images of as-spun PMMA fibers with (a) and without (b) surface
pore structures. Scale bars: 1 µm (insets: 10 µm). c, d) SEM images of PPFEMA-coated
fibers and corresponding droplet images (insets). Scale bars: 1 µm.104(Reprinted with
permission from Wiley Interscience).

Ma et al.126 have demonstrated that ultrahydrophobic fibrous substrates can be
produced via electrospinning (Figure 2.14), following a procedure to create a
hierarchical surface roughness by decorating the electrospun fiber mats with nanoscale
pores. The pores were introduced onto the fiber surface using a highly volatile solvent
during the electrospinning process. As a result of this process, porous poly(methyl
methacrylate) (PMMA) fibers were created with an average fiber diameter of ca. 1.7µm
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and an average pore size of ca. 80 nm when chloroform was used as the volatile solvent
under ambient conditions with a relative humidity of ca. 44%. The formation of the pore

Figure 2.15: SEM images of gold micro/nanostructures formed on the four commercial
fabrics at low (left) and high (right) magnification.: (A) and (B) sample A, (C) and (D)
sample B, (E) and (F) sample C, and (G) and (H) sample D. The inset in (D) and (H) is
the high-magnification SEM image of sample B and D, respectively.104(Reprinted with
permission from RSC publications).
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structures has been attributed to two mechanisms, the rapid phase separation and breadthfigure formation during electrospinning.133,134 WCA’s as high as 168° were obtained
after the final treatment of these porous fibers with a fluoropolymer. Wang et al131 have
prepared ultrahydrophobic surfaces using gold micro/nano structures. Four different
hydrophilic cloths made from cotton fibers were immersed into an aqueous solution of
HAuCl4 (12 mM) and trisodium citrate (17 mM) at room temperature for 2 min, during
which time the aqueous solution penetrated into the fibers.

The fabrics were then

annealed at 98 °C for 30 minutes to allow the reduction of HAuCl4 into nanoscale gold.
Then, the fabric was treated with n-dodecanethiol to make the fabric hydrophobic.
Figure 2.15 shows the precipitation of gold nano-and micro-particles onto the fiber

surface. WCAs higher than 150° were observed with angles close to 180° being reported.
2.10: Summary

This literature review indicates the importance of the hydrophobic and
ultrahydrophobic materials due to its widespread applications. Significant progress has
been seen since Barthlott and Neinhuis’s73 initial research on lotus effect.

Many

approaches have been investigated for the creation of ultrahydrophobic surfaces,
including textiles. Though theoretical aspects have been studied, much research is still
necessary for the creation of such surfaces. The current issue is the lack of a critical
standard for the generation of ultrahydrophobic surfaces.

The existing knowledge

through the literature should be further explored to fabricate such water repellent surfaces
that will eventually develop economical and industrially viable approaches.
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CHAPTER 3
EXPERIMENTAL
The common experimental procedures followed in this research are presented
here in this chapter, including a list of the chemical reagents and polymers used. The
basic principles of the experimental techniques are also discussed followed by the
detailed description of the experimental procedures.
3.1: Chemical Reagents
3.1.1: Hydrogen peroxide [H2O2]:
H2O2 was obtained from Acros Organics. The MSDS name is Hydrogen Peroxide
(30% in Water) (Without Stabilizer), Reagent ACS.

The catalog numbers are

AC411880000, AC411881000, and AC411885000. The CAS number is 7732-18-5.
3.1.2: Sulfuric acid [H2SO4] 98%:
H2SO4 was obtained from Acros Organics. The MSDS name is Sulfuric acid,
Reagent ACS. The catalog numbers are 13361-0000, 13361-0010, and 13361-0025. The
CAS number is 7664-93-9.
3.1.3: Toluene:
Toluene was obtained from Acros Organics.

The MSDS name is Toluene,

Reagent ACS. The catalog numbers are 424500-0000, 42455-0010, 42455-0250, and
42455-5000. The CAS number is 108-88-3.
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3.1.4: Methyl ethyl ketone (MEK):
MEK was obtained from Acros Organics. The MSDS name is 2-Butanone, 99+%
ACS grade. The catalog numbers are 14967-0000, 14967-0010, 14967-0025, and 149670250. The CAS number is 78-93-3.
3.1.5: Ethyl Acetate:
Ethyl Acetate was obtained from Alfa Aesar. The MSDS name is Ethyl Acetate,
99.5+%. ACS grade. The catalog numbers are AC149470000, S93229A, E195RS200,
and NC9728400. The CAS number is 141-78-6.
3.1.6: Tetrahydrofuran (THF):
THF was obtained from EMD Chemicals Inc.

The MSDS name is

Tetrahydrofuran, 99.5+% ACS grade. The catalog numbers are AC222160000, T421RS19, NC9234867, and BP11401LC. The CAS number is 109-99-9.
3.1.7: Cyclohexane:
Cyclohexane was obtained from Mallinckrodt Chemicals. The MSDS name is
Cyclohexane, ACS grade.

The catalog numbers are AC111110000, S79990, and

C620SK-4. The CAS number is 110-82-7.
3.1.8: Hexane:
Hexane was obtained from Mallinckrodt Chemicals. The MSDS name is Hexane,
ACS grade.

The catalog numbers are AC2924, BPH292RS-115, H292500LC, and

S800322MF. The CAS number is 110-54-3.
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3.1.9: Ethanol:
Ethanol was obtained from Mallinckrodt Baker Inc. The MSDS name is Reagent
alcohol, ACS. The catalog numbers are 5911, 6183, 7006,and 7019. The CAS number is
64-17-5.

3.2: Polymers Used
3.2.1: Poly (glycidyl methacrylate) [PGMA] (Structure 3.1):

CH3
CH2 C

n

(S.3.1)

O

O

O

PGMA (Mn = 24,000, 84,000 and 382,000 g/mol with polydispersity index (PDI)
1.7, 3.4 and 2.5, respectively) was synthesized by solution radical polymerization and
later purified by multiple precipitations. This procedure was developed and carried out
by Dr. V. Klep, School of Materials Science and Engineering, Clemson University.
3.2.2: Carboxy-terminated polystyrene [PS] (Structure 3.2):

CH CH2
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COOH
n

(S.3.2)

Carboxy terminated polystyrene [(Mn= 45,900 g/mol), PDI = 1.05] was
synthesized via “living” free radical polymerization by Dr. J. Pionteck and Dr H. Malz,
Institute of Polymer Research, Dresden, Germany.
3.2.3: Carboxy terminated Poly (2-vinyl pyridine) [P2VP] (Structure 3.3):
P2VP polymer (Mn=39,200 g/mol with a PDI = 1.08) was obtained from
Polymer Source Inc., Canada.

CH CH2

(S.3.3)

COOH
n

N

3.2.3: Poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) (Structure 3.4)
functionalized with 2% maleic anhydride (MA) (Structure 3.5):
SEBS copolymer, available as Kraton 1901, was obtained from Shell. The SEBS
copolymer had a Mn – 41,000g/mol (styrene and maleic anhydride (MA) content 29 wt%
and 2 wt% respectively). The 2% MA groups present in the SEBS introduces the
anhydride functionality to the polymer, which is capable of cross-linking.
CH3
CH2

CH2 CH

n

CH2 CH2

x

CH2 CH
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(S.3.4)
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n
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CH2
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(S.3.5)

O
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3.3: General Experimental and Characterization Techniques
3.3.1: Dip Coating
Mayer Fientechnik D-3400 dip coater was used for this process. The dip coater
was placed in a clean room to avoid contamination of the samples with dust particles. In
this process the substrate is immersed in a solution and then withdrawn at a constant
speed under atmospheric conditions.

The uniformity and thickness of the coating

depends upon the coating speed (dipping and withdrawal), viscosity of the liquid and
minimal vibration of the substrate and liquid surface.12

(a)

(b)

(c)

(d)

Figure 3.1: Procedure for the formation of a thin film by dip coating: (a) Dipping the
sample, (b) Setting the sample upright, (c) Pulling it up at an optional speed and (d)
controlling the film thickness by speed and viscosity.2

50

The coating thickness can be calculated by the Landau-Levich equation (3.1).
Here the withdrawal speed should be chosen such that the shear rates keep the system in
the Newtonian regime.1
h = 0.94 ×

(ην ) 2 / 3
γ 1LV/ 6 ( ρ .g )1 / 2

(3.1)

Where h is the coating thickness, η is the viscosity of the liquid, γLV is the liquidvapor surface tension, ρ is the density, g is the acceleration due to gravity. The operating
speed was adjusted to ca. 4 mm/sec to enable complete and steady dipping of the
substrate. The thickness of the coated layers can be varied by dip-coating the samples
into solutions of different concentrations.
3.3.2: Plasma Modification
Plasma is comprised of partly ionized gases, and is generally referred to as the
fourth state of matter. It is a mixture of ions, radicals, electrons, neutrals, metastables and
also photons.3 The plasma environment can interact with a surface to etch, deposit or
alter its nature. Hence it is an effective method to introduce surface functional groups on
polymers without modifying the bulk properties.
A Plasma generator obtained from Harrick Scientific Corporation (Model PDC32G) was used for the modification. The instrument is a compact, radio frequency
(13.54MHz) glow discharge apparatus4 and has a 3" diameter by 7" long chamber along
with a removable cover. The chamber has two hoses, one for the connection to the
vacuum source and the other to introduce required gas for sample treatments. Plasma
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treatments were typically done to both sides of the sample for ca. 2 min at a pressure of
0.2 torr. The generator power switch was set to “low” corresponding to 6.8 W power.
3.3.3: Scanning Probe Microscopy (SPM)
Scanning probe microscopy (SPM) studies were performed utilizing the
Dimension 3100 and Multimode microscopes obtained from Digital Instruments, Inc.
SPM, widely known as atomic force microscopy, has 3 primary modes of operation:
contact mode, non contact mode and tapping mode. In this research, tapping mode was
used to study the surface morphology of the samples. Silicon tips with spring constants
of 50 N/m (tapping mode) were used. Imaging was done at scan rates in the range of 1 to
2 Hz. In an SPM5, a given surface is imaged when a sharp probe (tip) scans across the
surface and when the probe-sample interaction or the interaction is monitored.

Figure 3.2: Schematics of the AFM tapping mode (Picture reproduced from
the training notebook of Digital Instruments).5
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3.3.4: Ellipsometry
Ellipsometry is a sensitive optical technique used for determining the properties of
surfaces and thin films.6 When a linearly polarized light of known orientation is reflected
at an oblique distance from a surface then the reflected light is elliptically polarized. The
shape and the orientation of the ellipse depend on 3 factors: angle of incidence, direction
of the polarization of the incident light and the reflection properties of the surface.6
Based on this the orientation and the direction of the polarization of the incident light can
be measured, which in turn is used to measure the phase change, Δ and the relative
amplitude change Ψ, introduced by reflection from the surface. The most important
application of an ellipsometer is to study thin films (thickness ranges from zero to several
1000 Å) and therefore deduce the thickness of these films.

Figure 3.3: Schematic diagram of the ellipsometer; L: the light source; P: the
polarizing prism; Q: the quarter-wave plate compensator; S: the sample under study;
A: the analyzer prism; D: the light detector.6
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Figure 3.3 shows the apparatus basics of the ellipsometer. This apparatus is used
to measure the changes in the polarization state of light when it is reflected from the
sample. When the thickness of a given sample changes, its reflection properties also
change. Measurement of these changes in the reflection properties will actually allow us
to deduce the changes in the film thickness.
Here, ellipsometry studies were performed using a COMPEL automatic
ellipsometer (InOmTech, Inc.) at an angle of incidence of 700. For all the experiments in
the current research it was decided to keep the compensator on for thickness values less
than 11 nm and off for thickness greater than 14 nm. For thickness values between 11 nm
and 14 nm (both the limits included) the average value of the thickness measured using
compensator on and off was used.
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3.3.5: Contact Angle Measurements
Contact angle measurements have been used extensively in studying changes in
polymer surface composition caused by various surface treatment techniques. It is a very
simple, easy and an inexpensive technique especially in the case of polymeric materials.
When a drop of liquid is placed on a solid surface it may either remain as a drop of finite
area, or it may spread over the surface. 7,8 A quantity of interest here is the spreading
condition, which determines whether the liquid will spread over the solid surface or bead
up. For spreading to occur, the condition is given by:

γ SV − γ SL > γ LV

(3.2)

where γIJ is the interfacial tension between phases I and J, while subscripts S, L and V
refer to solid, liquid and vapor, respectively. When the above inequality (equation 3.2) is
not satisfied, the drop is said to remain in finite size and therefore an equilibrium contact
angle exists.7 This condition for the three phase equilibrium was proposed by Thomas
Young in 18059,10 and the equilibrium/intrinsic contact angle is characterized by θE.
Young described this equilibrium in terms of the vectorial sum shown in Figure 3.4
resulting in the following equation generally referred to as the Young’s equation.

γ LV cos θ E = γ SV − γ SL

(3.3)

In order to obtain the equilibrium contact angle the solid surface has to be rigid,
immobile, and smooth. The surface should also have a homogenous composition with no
interaction between the vapor and the solid surface under the water droplet.11 The static
contact angle measurements were performed using a contact angle goniometer (Kruss,
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Model DSA10). De-ionized water (γLV approximately equal to 72 dynes/cm at room
temperature) with pH ~ 6.5 was used for the static water contact angle measurements

Figure 3.4: Three phase equilibrium represented by the Young’s Equation.
(WCA). Calculation of the contact angle was generally made using the tangent method
and a static time of 30 seconds was used before any contact angle measurement.
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3.3.6: Scanning Electron Microscopy (SEM)
SEM is a type of electron microscope capable of producing high resolution
images of the sample surface. Typical to any electron microscope, the SEM uses a
focused beam of electrons to obtain much higher magnification than that is possible on
any conventional light microscope. The microscope has a specially designed electron
gun that forms a source of electrons which are accelerated towards the anode which is
held at earth potential relative to few volts (few kilovolts or tens of kilovolts).12 These
electrons then pass through one or more electron lenses and the image of the electron
source is formed in the plane of the sample, after successive reduction. These electrons,
referred to as the primary electrons, hit the sample surface and produce secondary
electrons. The secondary electrons are detected by an electron collector and the signal is
enhanced using an amplifier. Based on the secondary electrons collected, the image is
produced through the imaging system.
The FESEM Hitachi S4800 and S3500N present in the Advanced Materials
Research Laboratory (AMRL), Research Park, Clemson University was used for
scanning purposes. The S4800 offers field emission for high resolution microscopy and
the S3500 is designed for conventional and variable pressure microscopy. Prior to
scanning all of the samples were coated with platinum to reduce the specimen charging
using a Hummer 6.2 sputtering system for approximately 2 minutes with the pressure and
voltage set to 70 milli-torr and 15 milli-amperes, respectively.
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3.4: General Experimental Procedures
3.4.1 Silicon wafer preparation
Silicon wafer substrates were initially cleaned using de-ionized water in an ultrasonic
bath for 30 minutes. It was then placed in piranha solution (3:1 concentrated sulfuric
acid/ 30% hydrogen peroxide) for approximately one hour at room temperature, and then
rinsed several times with de-ionized water. After rinsing, the substrates were dried under
a stream of nitrogen in clean room 100 conditions (100 particles per cm3).
3.4.2 Fabric preparation
The polyester fabrics (Fabric style # 777H, #703 and a microfiber fabric) obtained
from Test Fabrics were initially rinsed in several solvents (water, acetone, toluene, and
ethanol) to remove contaminants. Fabrics were thoroughly rinsed in de-ionized water for
approximately 1 hour to remove water soluble residuals and dried in an oven at 80°C
until they achieved constant weight. Fabrics were then later subjected to an air plasma
discharge (frequency 13.54 MHz), 6.8 W power for 2 minutes at a pressure of about 0.2
torr. For larger sample size, the corona treatment was used as an alternative for the
plasma discharge due to the limited capacity of the plasma equipment. The corona
treatment was performed at standard conditions (70°F / 21 °C temperature and 65 %
relative humidity) with the fabric swatch placed exactly 1 cm below the corona treatment
head using a Sicatech Corona generator model LF-1 from Unisystems LFI. The ceramic
corona treatment head shown in Figure 3.5 produces a corona discharge from an input
voltage of 115 or 230 V (switchable) and power output of 800 W from the corona
generator. The plasma/corona treated fabrics were then rinsed in THF to remove any low
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molecular weight remnants formed due to the chain scission process during the treatment.
Both plasma and corona treatments add surface functionalities that increase the reactivity
of the PET fiber/fabric surfaces and they were performed to ensure that any subsequent
grafting processes were successful.
(b)

(a)

Figure 3.5: (a) Corona generator and the (b) Treatment head from SicaTech.13
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CHAPTER 4
WETTABILITY OF ULTRATHIN POROUS HYDROPHOBIC POLYMER
FILMS PREPARED FROM PHASE SEPARATED POLYMER BLEND
SYSTEMS

4.1 Introduction
The wetting behavior of hydrophobic and hydrophilic surfaces has been well
explained by several researchers in the past decade.1,2 In general, water wettability of
materials is governed by both the chemical composition and the geometrical
microstructure of the surface3.

Wettability strongly depends on two properties, the

surface energy and the surface roughness4,5. It is widely known that the materials with
the least surface energy show the most hydrophobic behavior.
As surface energy is an intrinsic property of the material, it can generally be
controlled by chemical modification, such as fluorination,6 and by using hydrophobic
coatings.7,8

In the case of polymeric materials, fluoro-polymers/coatings have been

commonly used for hydrophobic applications because of their low surface energy. In
particular, a variety of fluorine polymers, typically Teflon (poly (tetrafluoroethylene)),
have been used widely because of their high water and oil resistances, organic solvent
resistance, and lubricity9. It has been reported that the surface free energy decreases in
the order –CH2 > -CH3 > -CF2 > -CF2H > -CF3, which predicts that the closest hexagonal
packing of -CF3 groups gives the lowest surface free energy of the materials10.
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Hydrophobic surfaces, and even ultrahydrophobic surfaces that exhibit high water
contact angles greater than 150°, have generally been prepared by modifying the surfaces
with various fluorinated polymers, such as PTFE coatings,6,11 fluoroalkylsilanes12,13 and
perfluorinated polymer monolayers on porous silica14. As fluorinated polymers are found
to be not environmentally suitable for most applications, it is necessary to develop an
alternative route to produce such surfaces. The demand for a low surface energy material
with little or no fluorine chemistry has been increasingly growing with the advent of
many applications relevant to ultrahydrophobic materials. Ultrahydrophobic materials
have been extensively researched due to their tremendous potentials to bring greater
convenience in daily life as well as in many industrial processes. Such surfaces are
expected to inhibit various phenomena, such as snow sticking, contamination or
oxidation, and current conduction15. They have also found many practical applications,
such as the manipulation of the hydrophobic interactions in protein adsorption16, surface
tension induced micro-fluidic manipulation,17,18 reduction of fluid resistance19 and
ultrahydrophobic textile materials20.
The preparation of ultrahydrophobic materials is dependent upon the appropriate
choice of the material and the geometric surface roughness of the chosen material. It was
several decades ago that Wenzel, Cassie and Baxter revealed the interdependence
between surface roughness and the wetting characteristic measured in terms of the
contact angle19-22. Later Barthlott and Neinhuis proposed the interdependence between
surface roughness, reduced particle adhesion and water repellency to be an important
factor in identifying the wettability of surfaces, based on experimental studies carried out
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on microscopically smooth and rough water repellent plants15. Hydrophobic substrates
that are rough on a nanoscale tend to be more hydrophobic than smooth ones because of
the reduced contact area between the substrate and the liquid and vice versa for
hydrophilic substrates.
Hence, the goal here was to create surfaces from non-fluorinated polymers with
optimum surface roughness that show high contact angles which might later lead to a
material having contact angles closer to the ultrahydrophobic boundary. Such surfaces
were created using porous hydrophobic polymer thin film layers on a silicon wafer
surface (used as a model substrate) and then later on polyester fabric. The thickness of
the porous layer was in the sub-micron level (changing only the surface property) and
hence the property of the bulk material was not compromised. Also in this work, an
attempt to understand the wetting characteristics of hydrophobic polymer thin film
surfaces was undertaken. These thin films were porous and the level of porosity changed
the surface roughness of the substrate.
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4.2 Materials
ACS grade toluene, ethyl acetate (EA) and methyl ethyl ketone (MEK) were
obtained from VWR and used as received. Highly polished single-crystal silicon wafers
of {100} orientation (Semiconductor Processing Co.) were used as a substrate.
Polystyrene (PS) samples of different molecular weight (Mn – 2000, 4000, 8500, 10,900
and 16,800 g/mol obtained from Polymer Source Inc.) were used for the study. Poly
(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) triblock copolymer (available as
Kraton 1901) was obtained from Shell. The SEBS copolymer had a Mn – 41,000g/mol
(styrene and maleic anhydride (MA) content 29 wt% and 2 wt% respectively). The 2%
MA groups present in the SEBS introduces the anhydride functionality to the polymer
and is capable of crosslinking. Polyester fabric [poly (ethylene terephthalate) (PET)]
(Dacron type heat set 122 g/m2 fabric) was obtained from Test Fabrics (style #777H) and
used as the textile substrate.

4.3 Experimental
The experimental procedure for the silicon wafer preparation and the polyester
fabric preparation are explained in section 3.4 of chapter 3. Glycidyl methacrylate
(obtained from Aldrich) was polymerized by Dr. Viktor Klep via free radical
polymerization method to obtain poly (glycidyl methacrylate) (PGMA) with a Mn of
84,000 and PDI=3.4. The polymerization was carried out in MEK at 60 °C using
Azobisisobutyronitrile as an initiator. PGMA was used as an anchoring layer to the
silicon surface by dip coating (Mayer Fientechnik D-3400) from a 0.05 % PGMA
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solution dissolved in MEK. The thickness of the anchoring layer was 1.5 ± 0.1 nm as
measured by ellipsometry25.

4.3.1: Preparation of hydrophobic porous polymer layers from PS: SEBS phase
separated systems
PS and SEBS were used to prepare blend compositions. The blend solutions were
prepared by mixing PS and SEBS in toluene. First, different molecular weights of PS
(Mn – 2,000; 4,000; 8,500; 10,900 and 16,800g/mol) were used with SEBS to study the
phase separation. Based on the results obtained, the molecular weight of PS was that
produced the highest water contact angle was used. Then the ratio of PS to SEBS was
changed to obtain 20:80, 30:70, 50:50, 70:30 and 80:20 % concentrations by weight of
PS:SEBS, respectively, and thereby induce different levels of phase separation. Phase
separated films of PS:SEBS were formed by dipcoating the PGMA modified silicon
wafer substrates into the polymer blend solution. The thickness of these films was found
to vary from 100 to 200 nm as measured by ellipsometer. The MA groups of the rubbery
block ethylene-co-butylene were expected to react with the epoxy groups of the PGMA
modified substrates,26 thus anchoring the rubbery block to the substrate. The resultant
structure obtained on the silicon wafer from the PS/SEBS blend forms polymer blend
morphology with PS as the dispersed phase and SEBS as the continuous phase.
Scanning probe microscopy (SPM) was used to analyze the resultant
morphologies using the Dimension 3100 microscope (Digital Instruments, Inc.). Here
tapping mode was used to study the PS/SEBS blend morphology of these films in
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ambient air. After observing the PS/SEBS blend morphology, the PS component in the
film was dissolved using the selective solvent EA (dissolves PS only and not SEBS) for
15 minutes at room temperature. The EA treatment creates pores in the PS/SEBS films
due to the extraction of the PS. The porous morphology was then studied using SPM and
the results of these morphologies were analyzed in terms of inclusion size, roughness,
surface area, and percentage pores. The consistency of the morphology formation was
verified by at least three repeats and the measurements were performed on these images
by extracting a Gaussian distribution peak using the AFM nanoscope software. The
wettability characteristics of these surfaces were examined by static contact angle
measurements using Krüss Goniometer Model DSA10. Contact angle measurements
were performed for both before and after obtaining the porous structures to study the
effect of roughness on hydrophobicity.
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4.4 Results and discussion
When two or more polymers are mixed, they mostly result in a system that
exhibits almost total phase separation27. Phase separation is dependent on three factors
such as temperature, pressure and concentration.

Depending on the simultaneous

variation of all three factors, the system might have a certain degree of complexity27. The
blend structures are typically considered to show a number of morphologies, many of
them exhibiting some degree of dual-phase continuity28. They also show a certain level
of discontinuity in the phase separation. The PS/SEBS polymer blend systems were
chosen for this study because they are immiscible in each other and also compatible due
to the presence of PS (blocks) in both the polymers. These blend systems prepared here
show phase separated surface morphologies. Dissolution of the PS phase in the polymer
blend system converted the phase separated polymer morphology to porous polymer
morphology. The SEBS polymer forming this morphology was chemically attached to
the substrate due to the reaction between the macromolecular anchoring layer (PGMA)
that was grafted to the substrate25 and the MA groups present in the SEBS polymer.
These irregular porous polymer morphologies formed were therefore robust due to the
chemical attachment to the substrate.

4.4.1: Effect of molecular weight on PS: SEBS blend morphology
Figure 4.1 illustrates the effect of molecular weight in obtaining a polymer blend
structure prepared from equal ratios (weight %) of each of the polymer. It can be
observed from the SPM images that the PS component forms the dispersed phase while
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Figure 4.1: Vertical scale SPM images of PS:SEBS blend structures (50:50
by weight %) with varying molecular weights of PS layers deposited on Si
wafer by dip coating from 2% solution (W/V): a), b) – 2,000; c), d) – 4,000;
e), f) – 8,500; g), h) – 10,900 ; i), j) – 16,800 gram/mole; Vertical scale: a)
20, b) 50, c) 40, d) 200, e) 110, f) 300, g) 35, h) 210, i) 30, j) 275nm. a), c),
e), g), i) are non-porous structures before dissolving PS and b), d), f), h), j)
are porous structures after dissolving PS using ethyl acetate.

the SEBS component forms the continuous phase. Porous morphologies were created by
treating the PS/SEBS dip coated silicon wafer in ethyl acetate. Ethyl acetate acts as a
solvent for PS and as a non solvent for SEBS, which dissolves the PS component and
creates pores from the corresponding PS domains. It is observed that increasing the
molecular weight of the polystyrene from 2,000 gram/mole (number average molecular
weight) to 16,800 gram/mole increases the polystyrene inclusion size formed in the SEBS
matrix as shown in Figure 4.2. This is due to the effect of decreasing miscibility of one
polymer in the other, when the molecular weight of any of the polymer used in the blend
is increased from low to high.27,28 The pore size distribution was obtained using the
standard AFM nanoscope software. The average inclusion size corresponds to the most
probable pore size of the distribution.
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Figure 4.2: Effects of PS molecular weight on inclusion size and water
contact angle of the PS/SEBS blend morphology.

The inclusion size of the PS/SEBS blend morphology with 2,000 Mn polystyrene
varied between 250 to 400 nm with an increase in surface roughness (measured from the
standard deviations of the feature height (‘Z’) values within a given area of the AFM
image) from 2 nm (before extraction) to about 8nm (after extraction). For the 4,000 Mn
polystyrene blend morphology the inclusion size varied between 800 to 1000nm with an
increase in surface roughness from 4nm to 25nm. The 8,500 Mn polystyrene morphology
has the inclusion size varying between 1.2 to 1.5 microns with an increase of surface
roughness from 7nm to ca. 54nm. The polystyrene morphology with 10,900 Mn PS has
two different inclusion sizes and they vary between 1.5 to 2.5 microns with an increase in
surface roughness from 7nm to about 33nm. The polystyrene morphology with 16,800
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Mn has two different inclusion sizes too and they vary between 3 to 4.5 microns with an
increase in surface roughness from 6nm to about 56nms.

The root mean square

roughness values (RMS) are averaged for each of the molecular weight and is shown in
Figure 4.3. It is observed here that the extraction of PS increases the roughness abruptly.
The increase in the roughness values confirms the change in the surface from a polymer
film morphology to porous polymer film morphology. The pores introduced in the
structure are clearly seen from the SPM images shown in Figure 4.1.
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Figure 4.3: Effects of PS molecular weight on the RMS roughness
value of the PS/SEBS blend morphology before and after the extraction
of PS from the blend.

The effect of different molecular weights of PS on water contact angle is shown in
Figure 4.2, suggesting that the PS with Mn 4,000 and Mn 8,500 show the highest contact
angle. Although the increase in contact angle for these two molecular weights is due to
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the increased roughness, the pore size is also a factor affecting the observed contact
angle. Figure 4.3 indicates that the change in roughness after the extraction, for different
molecular weights of PS, is due to the variation in pore size. Even though the roughness
increases considerably after the PS extraction for both the structures prepared from Mn
10,900 and 16,800 polystyrene, the water contact angle is low as compared to the
structures prepared from Mn 4,000 and 8,500 polystyrene. This confirms that both the
combination of roughness and pore size are important for an increasingly hydrophobic
behavior rather than solely being dependent on one of the two factors. The 8,500 Mn
polystyrene composition showed the most hydrophobic behavior suggesting that the
combination of roughness and pore size is optimum at this molecular weight. Hence this
molecular weight composition was established as the optimum experimental condition
and was used for further studies.
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4.4.2: Effect of % blend composition on PS: SEBS blend morphology
The effect of PS composition (%) was studied using the 8,500 Mn PS. The %
composition of the PS component in the SEBS matrix was varied by preparing different
weight percentage solutions (20, 30, 50, 70 and 80% PS) of PS/SEBS in toluene. Contact
angle measurements were used to further analyze the porous structures created using
ethyl acetate to dissolve the PS component of the blend system. It was found that the
pore size directly affects the contact angle as observed earlier (in the previous molecular
weight sub-section) and showed that obtaining optimum pore dimensions with the
appropriate surface roughness is necessary to obtain ultrahydrophobic properties in such
surfaces.
Figure 4.4 shows the effect of % composition on the blend morphology for the
8,500 Mn PS/SEBS system. The variation in the pore dimensions changes the roughness
of the surface as shown in Figure 4.5. As a result of these porous morphologies the
actual surface area available, i.e., for water to come in contact with the surface, increases.
The surface area is greatly dependent on the pore dimensions and therefore was analyzed
(Figure 4.6). From these two figures, it can be observed that the roughness and surface
area reaches a phase inversion point as the polystyrene content increases.
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Figure 4.4: Vertical scale SPM images of PS-SEBS blend structures with
varying blend proportions by weight of PS (8,500 gm/mole) : SEBS layers
deposited on Si wafer by dip coating: a), b) 20:80; c), d) 30:70; e), f) 50:50;
g), h) 70:30; i), j) 80:20 PS:SEBS. Vertical scale: a) 25, b) 60, c) 25, d) 120,
e) 70, f) 160, g) 20, h) 100, i) 30, j) 120nm. a), c), e), g), i) are non-porous
structures before dissolving PS and b), d), f), h), j) are porous structures after
dissolving PS using ethyl acetate.

As the % polystyrene increases (in other words % pores), the roughness increases
and finally reaches the inversion point. Here it was anticipated that the blend structures
showing the peak maxima in terms of roughness and surface area would have superior
properties in terms of hydrophobic property. To confirm this behavior, contact angle
measurements were measured and compared with the classical contact angle models.
Further analysis involved the calculation of the % pores in a given surface by measuring
the difference between the % surface covered and the total % surface (100 %). It can be
observed from Figure 4.7 that the % pores (obtained from AFM images) increases as the
polystyrene content increases and finally reaches the threshold value as the inclusion size
becomes large. As a result of phase inversion at higher concentrations of polystyrene
there was no more pore formations because the PS component of the blend forms the
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more continuous phase28. Thus the roughness values start changing abruptly at these high
concentrations of % PS and also Figure 4.7 indicates that the % pores fluctuates as well
(70 and 80 % PS compositions). Therefore based on these results, the roughness, surface
area, % pores and contact angle obtained for concentrations below 50 % PS were only
considered and the data obtained at higher concentrations was neglected.
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Figure 4.5: Effect of roughness on % polystyrene composition (M.W–8,500)
in a PS/SEBS blend structure.
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Figure 4.6: Effect of surface area on % polystyrene composition (M.W–
8,500) in a PS/SEBS blend structure.
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Figure 4.7: Plot of % pores vs. % polystyrene composition (M.W–8,500) in
a PS/SEBS blend structure.
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4.4.3: Theoretical Interpretation of the contact angle models to porous layers
The presence of an ultrathin hydrophobic porous polymer film on any substrate
creates a rough surface. The initial publications of Wenzel and Cassie-Baxter model’s on
contact angle are used to study the wetting behavior of the porous layers. Cassie and
Baxter23,24 extended the studies of Adam29 and Wenzel21,22 to porous surfaces and have
shown that a fraction of air remains trapped under the drop, for at least as long as
Young’s relation remains satisfied wherever contact line appears. Dettre and Johnson26-28
refer to such surfaces as composite rough surfaces with a fraction of solid-liquid interface
and a fraction of liquid-air interface. In addition to the existing models, De Gennes et al33
proposed that there can be at least three regimes for the contact area of drops on jagged
(rough) surfaces such as, (a) a Wenzel regime (no air entrapped) where the solid/liquid
interface exactly follows the solid roughness; (b) a Cassie regime (air entrapped), where
air patches are confined below the drop, and (c) a penetration regime where the area
surrounding the drop is impregnated by a liquid film34.

4.4.4: Wenzel and Cassie Baxter equation
Wenzel and Cassie-Baxter equations for contact angle were used to analyze the
relationship between the RMS roughness values and their respective contact angles for
each of the surface morphologies generated. The Wenzel and Cassie Baxter equations1922

gives a comprehensive understanding of a typical hydrophobic/hydrophilic surface.
Wenzel Equation21,22:

cos θw = r cos θ

where θ - Equilibrium contact angle observed on a smooth surface
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(4.1)

θw – Equilibrium contact angle on a rough surface or Wenzel’s angle
r - Ratio of the actual area of liquid solid contact to projected area on a horizontal
plane
Cassie Baxter Equation23,24: cos θc = f1 cos θo1 – f2

(4.2)

f1 + f2 = 1
f2 = (cos θo1 – cos θc) / (cos θo1 + 1)
Where θc – Measured contact angle
θo1 – Intrinsic angle at the solid liquid interface (measured from the water contact
angle on a smooth SEBS film)
f1 - Fraction of solid liquid interface on the solid
f2 - Fraction of liquid air interface on the solid
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4.4.5: Contact Angle studies on porous and non-porous SEBS films
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Figure 4.8: Effect of contact angle on % polystyrene composition (M.W–
8,500) in a PS/SEBS blend structure.

The contact angle measurements for the porous SEBS layers formed from
different blend compositions was studied and found to be in the range of 104° ± 1° to
115° ± 1°. The equilibrium static and advancing WCA on a flat SEBS film with a RMS
roughness of less than 5 nm was measured to be 102° ± 1° and 104° ± 1°respectively.
Comparing the WCA of the flat and porous SEBS suggests that there is an increase in the
contact angle depending upon the pore size. To better understand this phenomenon,
Equation 4.1 and 4.2 were used to calculate the theoretical Wenzel and Cassie Baxter
contact angles, shown in Figure 4.8. The theoretical Wenzel contact angles did not show
any dependence on the pore size and remained almost constant (~ 103° ± 1°) for all the
porous structures.

Whereas the theoretical Cassie-Baxter contact angles showed

dependence on the pore size (as a result of the increasing % PS), thereby suggesting that
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air is trapped within the porous structures. For predicting the CB contact angle, f2
(fraction of liquid air interface on the solid) was assumed to be equal to the percentage
polystyrene composition because the PS phase dispersed in the SEBS matrix was
extracted to create pores which results in the formation of liquid-air and air-solid
interface under a Cassie-Baxter regime. To better interpret the extent of contact angle
increase, the amount of air trapped was calculated and is explained in the next section.

4.4.6: Use of Cassie Baxter equation to calculate the % air trapped
Assuming that the water contact angles on these porous structures completely
follow the Cassie-Baxter contact angle mode, the maximum amount of air fraction that
can be trapped within the grooves was calculated using Equation 4.2. To do so, the air
entrapped ‘f2’ was calculated by measuring ‘θo1’ as the contact angle on a flat SEBS film
and ‘θc’ as the contact angle on the porous SEBS film. It was found that the amount of
air entrapped was increasing proportionally to the PS content, shown in Figure 4.9.
Similar increasing trend is observed in the measured contact angle plotted in Figure 4.8
Based on the results from these two figures, the experimental results obtained here agrees
with the theoretical predictions that higher amounts of air entrapment is required to
increase the WCA. Figure 4.9 suggests that the highest amount of air trapped is about
25% for the sample that has about 50% pores (50 % PS composition). Based on this, it
can be assumed that the liquid fills nearly half the pore area with the rest filled with air
fraction. Also it can be implied from the results in Figure 4.9 that as the percentage PS
increases to 70 and 80 % (phase inversion point) the amount of air fraction becomes
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negative, which is interpreted as the water droplet coming in contact with the PGMA
anchoring layer and wetting the surface.
Based on the above results, it can be assumed that these porous structures only
partially follow the Cassie-Baxter mode up to 50 % PS composition and do not follow for
compositions greater than that. The 50 % PS showing the highest WCA is considered to
be the optimum PS composition having optimum pore size causing a thermodynamically
favorable condition for the water droplet suspended on these roughness grooves.

0.3

Air Fraction (f1)

0.2

0.1

0.0

-0.1

-0.2
20

30

40

50

60

70

80

% Polystyrene

Figure 4.9: Plot on air fraction vs. polystyrene composition (M.W–8,500) in
a PS/SEBS blend structure.

4.4.7: Intermediate Regime between Wenzel and Cassie Regime
Observations from Figure 4.8 indicate that the observed WCA follow an
intermediate regime right in between the Wenzel and Cassie-Baxter regime, provided the
data from 70 and 80 % PS is neglected due to the phase inversion effect. A schematic of
all of the 3 regimes is shown in Figure 4.10. Experimental results demonstrates that the
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contact area of the water drops on these rough surfaces do not actually follow a Wenzel
regime shown in Figure 4.10a, where the liquid fills all the inside of the roughness
grooves following the profile of the porous polymer surface. Also air fraction studies
suggest that these water droplets do not follow a complete Cassie-Baxter regime, where
air is completely trapped inside the roughness grooves as shown in Figure 4.10c, but
instead follow an intermediate regime shown in Figure 4.10b. The intermediate regime
can be characterized as the regime where the roughness grooves might be partially filled
with air forming a composite (air and water) contact. Experimental results also indicate
that this regime might fall somewhere in between the Wenzel and Cassie-Baxter regime.
But to exactly understand this behavior, it is essential to evaluate the condition for air
entrapment.
(a)

(b)

(c)

Figure 4.10: Schematic representation of a drop on a rough surface. (a) Wenzel Regime,
(b) Intermediate Regime, and (c) Cassie Baxter Regime.
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4.4.8: Condition for air entrapment and assumption of the pores as an isolated
defect1
The shape of a rough solid (ideal) surface exhibiting such soft roughness
(meaning homogeneous distribution of the peaks and valleys)33 shown in Figure 4.11,
can be described in terms of a function that is continuously differentiable, such as a
cosine. The profile of such surfaces can be given by,
z = a cos (2πx/λ)

(4.3)

where 2a is the height of the asperity / amplitude and
λ is the wavelength or period of the surface
λ
2a

Figure 4.11: Ideal solid surface with a sinusoidal profile.
The slope of the profile can be given by:
tan α = dz / dx
tan α = dz / dx = -(2πa/λ) sin (2πx/λ)
Also at each slope maxima of the profile (by equating the derivative of slope (dz / dx)
with respect to x, equal to 0),
x =n.λ/4

1

The author would like to acknowledge Dr. Konstantin Kornev, associate professor in
the School of Materials Science and Engineering Department and Balajee
Ananthasayanam, graduate student in Mechanical Engineering Department for their help
and clarifications with this derivation.
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Therefore,
sin (2πx/λ) = sin (π/2) = 1 (for n = 1)
Therefore the absolute value for the slope maxima of the solid profile is given by,
|tan α| = |tan θE| = 2πa/λ
At slope maxima of the sinusoidal rough solid profile, the slope angle α becomes equal to
the intrinsic contact angle θE (intrinsic contact angle as given by Young’s Equation, see
eqn. 4.4 below35,36).
tan α = tan θE

γlv cos θE= γsv – γsl

(4.4)

where γij is the interfacial tension between phases i and j, while subscripts s, l and v refer
to solid, liquid and vapor, respectively, and θE is the equilibrium/intrinsic (Young)
contact angle. At maximum slope the absolute value for the slope maxima of the solid
profile is given by,33
a = acritical =|tan θE| .λ/ (2π)

(4.5)

Thus the relationship between the amplitude and the wavelength of the groove is
established at the intrinsic/equilibrium contact angle. Here it is important to note that the
intrinsic contact angle θE is the same as the observed contact angle on a given smooth
solid surface which resembles θ of the Wenzel equation and θo1 of the Cassie Baxter
equation. As we know, air entrapment is virtually impossible below this intrinsic contact
angle (the angle obtained for a flat surface) and the condition stated in Equation 5
represents the establishment of a horizontal liquid/solid line of contact, for given
amplitude ‘acritical’. Therefore for the establishment of a horizontal liquid/vapor line of
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contact, ‘acritical’ should be greater than ‘a’. In general, the condition for trapping air in a
ideal rough surface33 can be given by,
(4.6)

a > acritical

In order to verify this air entrapment condition for the porous structures prepared
here, it was assumed that these structures follow the profile of an ideal rough surface.
Using Equation 4.6, the critical amplitude was calculated and compared to the observed
amplitude. The observed amplitude was measured as twice the RMS surface roughness
values of the AFM porous morphologies. Figure 4.12 demonstrates that the critical
amplitude is an order of magnitude higher than the observed amplitude for the
morphologies prepared using this PS/SEBS system. This suggests that there might not be
any air entrapped in these porous structures underneath the water droplet, under the
assumption of ideal rough surfaces. But as explained in the previous sub-section, studies
showing the presence of an intermediate regime confirm the entrapment of air. This
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Figure 4.12: Effect of % polystyrene composition (M.W -8,500) on
amplitude (in terms of depth of pores) in a PS-SEBS blend structure.
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contradiction might arise due to the porous structures not following the profile of an ideal
rough surface but rather a non-ideal rough surface.

4.4.9: Comparison of the porous polymer blend morphology to non-ideal rough
surfaces
Many researchers31-34 have demonstrated the existence of air pockets using
several theoretical models in the case of solids with soft roughness.33 In other cases, such
as a non-ideal rough surface featuring discontinuous changes in slope, no such models
have been undertaken. Based on the condition for air entrapment studies, the porous
structures formed here in this research utilizing polymer phase separation are assumed to
represent a non-ideal rough surface, that are considered to be comprised of a nondifferentiable function that changes its slope at any given point of the surface.
The PS/SEBS polymer blend system forms irregular porous polymer blend
morphology and these irregularities can be treated as discontinuities in the surface
roughness profile similar to that of solid surfaces with edges in the boundaries. Figure
4.13a and Figure 4.13b show the roughness profile of the porous morphologies obtained
at two different locations of the same sample.

These figures demonstrates the

irregularities present in the structure in the form of sharp edges, varying slope angle of
the pores, changing width and the depth of the pore and as a result are considered to
resemble a non-ideal rough surface.
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4.4.10: Non-ideal rough surfaces considered as ideal surfaces with edge effects

Figure 4.13: Profile of porous SEBS surface obtained from 50:50
composition of PS: SEBS at two different locations of the sample (a) and (b).
Each peak has different slope angles at the peak maxima showing that there
are several types of edges at the pore boundaries.

The prediction of the wetting behavior of such non-ideal rough surfaces becomes
extremely difficult and the entrapment of air inside these structures cannot be easily
verified. Such complications with discontinuity in the form of irregular asperities can be
explained by considering each of these pores as an isolated defect. Oliver et al.41 have
described that the resistance to spreading of liquids occurs due to the presence of sharp
edges in the boundary. The familiar inhibiting effect of edges can be seen from the ability
of the liquid to fill above the rim of the drinking glass, thereby having a higher volume of
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liquid than the actual volume of the glass. From the experimental observations and
theoretical evaluations made by Oliver et al.41 it can be inferred that such non-ideal
surfaces are capable of promoting the entrapment of air pockets. Therefore based on
these studies, the optimum conditions at which these porous surfaces trap maximum air
inside the roughness grooves were verified and predicted by considering these non-ideal
rough surfaces as an ideal surface with edge effects.

4.4.11: Understanding the porous polymer surface as a surface with sharp edges
The edge effect has been initially considered by Gibbs to analyze the equilibrium
of the three phase (air/liquid/solid) contact line at a solid edge. As the three phase
contact line meets a mathematically sharp solid edge the Gibbs condition42 (derived from
a purely geometrical extension of Young’s Equation-4.4) is given by:
θE ≤ θ ≤ (180°- α) + θE

(4.7)

where θ is the contact angle measured through the drop at the edge and α is the slope
angle of the defect (pore). In general, due to the presence of an edge defect the contact
angle at the defect can take values between Young’s angle θE and (180°- α) + θE. Hence
the upper critical limit of the water contact angle θC, at the moment the contact line just
crosses the edge becomes
θC = (180°- α) + θE

(4.8)

The advancing contact angle of a smooth SEBS film surface (considered as Young’s
angle θE) was 104 ± 1°. The observed water contact angle of the porous SEBS surface
obtained from 50:50 PS/SEBS composition was 116 ± 2° and if this angle is consider as
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θC, then using Equation 4.8, the slope angle α can be determined. In this case the
theoretical slope angle α was found to be 168°. The profile of the porous SEBS surface
(50:50 composition of PS/SEBS) is shown in Figure 4.13. From the profile in the figure,
it can be observed that the profile has many sharp edges with varying slope angles.
Though the exact slope angle for this real (non-ideal) surface is hard to estimate, from the
observations made from the profiles in Figure 4.13 the average experimental slope angle
can be approximated to be around 125° with a certain degree of variability. Comparing
the experimental and the theoretical slope angle values show that these two angles do not
agree with each other (see Figure 4.14). This Gibbs condition as stated in eqn. 8
generally applies for a solid with an edge at the very end of the surface. In the case of
real surfaces obtained from the porous polymer morphology, this condition has to be reevaluated due to the presence of multiple edge defects coming from each pore boundary
instead of just a single defect present at the edge of the solid. Also the experimental
slope angles measured from the SPM images might not be accurate due to the surface
profile dependence on the SPM tip radius.

125°
168°
Figure 4.14: Slope angles at the edges (where the formations of pores start)
with the solid line showing the experimental angle and the dotted line
showing the theoretical angle.
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These multiple edges present in the form of pores boundaries might then be
responsible for the resistance of liquid to completely follow either the Wenzel or the
Cassie-Baxter regime.

As a result they follow an intermediate regime that is both

energetically favorable and geometrically plausible. Hence it is more appropriate to
assume that the intermediate regime is likely to be more of a kinetic phenomenon rather
than a thermodynamic phenomenon.

To better interpret and comprehend this

phenomenon, the edge effect can be calculated quantitatively based on the predictions by
Oliver et al

41

though this study is not undertaken here. The edge effect E is defined as

the fractional increase in the equilibrium drop volume due to the edge and is given by:
E = (V2 – V1) / V1

(4.9)

where V1 is the drop volume of the liquid before crossing the edge and
V2 is the drop volume of the liquid after crossing the edge.
Although it is extremely unlikely that the wetting behavior of a liquid will remain the
same at various edges present on the surface, it is essential to understand how a typical
edge of a surface correlates to the wetting behavior. This could depend upon a lot of
parameters such as the average radius of curvature of the liquid droplet on a typical edge
surface, dimensions of the imperfections, possible surface chemical heterogeneities41, etc.
Thus the detailed investigation of the porous polymer structures of the PS: SEBS system
has revealed that the microscopically sharp edge like structures present in the form of
pores to play an important role in the wetting behavior of any real (non-idealized)
surface. The edge effect is therefore one of the factors to cause the entrapment of air,
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thereby increasing the observed contact angle, as the ideal smooth hydrophobic surface is
roughened to a non-ideal surface.

4.4.12: Formation of porous structures on polyester fabric
The optimum conditions that were established for the formation of porous
structures on silicon substrate were then applied on polyester fabric (textile) substrates.
While the porous polymer modification still remains the same, changing the initial
substrate from a flat silicon wafer to a rough textile material alone gives an increase in
contact angle of approximately 30° (from 120 to 150º). This increase in contact angle is
attributed due to the double roughness profile43 with the initial roughness coming from
the air entrapped fabric structure itself and the second from the porous polymer surface.
As proposed by Patankar43, the double roughness profile that resembles the
microstructure15 of the lotus leaf provides the appropriate geometry to develop self
cleaning surfaces. The weave structure of the polyester fabric constitutes the initial
roughness in the order of a few micrometers and the porous polymer present on the

Contact Angle - 146°

Contact Angle - 161°

Figure 4.15: Water droplet on PET fabric modified with PS-SEBS layers.
(a) before PS extraction and (b) after PS extraction. (Diameter of the water
droplets ranges between 2 to 2.5 mm).
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surface of the polyester fabric constitutes the second roughness in the order of a few
nanometers. The modified polyester fabric showed contact angles greater than 150º with
the water rolling off the surface when placed in a slightly tilted angle.
The water contact angle after the modification on polyester fabric can be seen in
Figure 4.15. It can be noticed from the figure that the contact angle is ~146° on the
polyester fabric which has only one level of roughness. The contact angle increases to
~161°once the polystyrene component is removed. This shows that the dissolution of PS
from the PS: SEBS modified polyester fabric introduces pores that are rough on a nanoscale. Thus the combination of both the nano and micro level roughness causes the water
contact angle to cross the ultra-hydrophobic boundary and makes the polyester fabric
ultra-hydrophobic.

4.5 Conclusions
The PS/SEBS blend systems created in this study generate phase separated
structures and are capable of forming porous polymer morphologies after the dissolution
of PS. The effect of molecular weight and the percentage content of PS in the blend
system was found to influence the phase separation, measured in terms of roughness and
inclusion (pore) size. Comparisons of the experimental results to the classical contact
angle methods demonstrate the phenomenon of air entrapment in the porous structures.
The condition for air entrapment based on literature is established and the study
demonstrates that the wetting behavior of porous polymer structures follows a non ideal
rough surface rather than an ideal rough surface.
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The non idealized surfaces are

interpreted here as ideal surfaces with edge effects and the Gibb’s inequality condition
were used to study such surfaces. Finally the porous polymer modification approach was
transferred to textile fabrics and was observed that the WCA of the fabric increased
beyond the ultrahydrophobic boundary. Just changing the substrate from a flat silicon
wafer to a textile fabric increased the observed water contact angle by approximately 30°.
This increase is mainly attributed to the presence of the double roughness profile as a
result of the nano and micron levels of roughness, coming from the porous polymer
morphology and the fabric structure respectively.
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CHAPTER 5
TWO STEP APPROACH USING CALCIUM CARBONATE NANOPARTICLES
TO CREATE ULTRAHYDROPHOBIC MATERIALS
5.1: Introduction
The ability to fabricate ultrahydrophobic and self cleaning surfaces with water contact
angles (WCA) above 150° has received a great deal of attention in the past decade due to
their tremendous potentials in various applications.1-9 These potentials are due to limited
chemical reactions or bond formation with water on an ultrahydrophobic surface as a
result of the reduced contact area between solid surface and water.10 Numerous research
have been performed on flat substrates (silica, mica, gold and also glass substrates) to
create ultrahydrophobic materials. The applications are not only limited to flat surfaces
but also apply to various other surfaces such as textiles. But the research involved in the
fabrication of ultrahydrophobic textile materials 11(“Lotus fabrics” created by attempting
to mimic the lotus effect12) is very limited though a lot of interest in this field has been
generated lately.1, 13-21
Traditional textile wet processing treatments do indeed rely fundamentally upon
complete wetting out of a textile structure to achieve satisfactory performance.22
However, the complexities introduced through the heterogeneous nature of fiber surfaces,
the nature of fiber composition and the actual construction of textile materials creates
difficulties in attempting to predict the wettability of a particular textile construction. For
many applications the ability of a finished fabric to exhibit repellency (in other words low
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wettability) is essential, due to the increasing number of applications. Some of the
potential applications of highly water repellent textile materials include apparel, rainwear,
upholstery, protective clothing, sportswear, and automobile interior fabrics.22 In the case
of textile materials, the level of hydrophobicity is often determined by measuring the
static water contact angle only, since it is difficult to measure the contact angle hysteresis
on a textile fabric because of the high levels of roughness created by the fabric structure.
In this chapter, inorganic particulates have been used to study the fabrication of
ultrahydrophobic materials. The incorporation of inorganic particulate fillers has been a
common practice in the plastics industry to improve the mechanical properties of
polymeric materials.

23,24,25

The effects of the filler particulate materials on the

mechanical and other properties of the composites depend strongly on its shape, particle
size, aggregate size, surface characteristics and degree of dispersion.23 Various inorganic
filler materials that are currently used include talc, mica, clay, calcium carbonate
(CaCO3) and also glass fibers as reinforcements. Among these materials, CaCO3 is
attractive due to its low cost and is easily soluble in acetic acid. Therefore CaCO3
nanoparticles were used in this study.25 Though it is hydrophilic in nature, nanoparticles
coated with a hydrophobic material were utilized here. Here the CaCO3 nanoparticles
were used as a roughness initiating component rather than as a filler material to prepare
lotus like surfaces. The combination of calcium carbonate nanoparticles (roughness
initiation component) and hydrophobic polymer (low surface energy component) were
utilized to create a material that demonstrates ultrahydrophobicity.
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5.2: Materials
Standard polyester (PET) fabrics style # 777H (Fabric 1), and #703 (Fabric 2)
were obtained from Testfabrics Inc.

Glycidyl methacrylate (GMA) obtained from

Aldrich was polymerized using free radical polymerization to obtain poly (glycidyl
methacrylate) (PGMA) (Mn- 24,000 g/mol, PDI 1.7 (measured using GPC)).
(styrene-b-(ethylene-co-butylene)-b-styrene)

(SEBS,

Kraton

FG1901X)

Poly

triblock

copolymer was obtained from Kraton Polymers US LLC. The polymer contained ~29
wt% of styrene and 1.4 wt% of reactive maleic anhydride (MA) groups. The block
copolymer was reported to have Mn=41,000 g/mol, Mw/Mn=1.16, and Rg = 6.3 nm, where
Rg is the radius of gyration of SEBS macromolecules.26
Calcium carbonate nanoparticles of different shape and size were donated by Solvay
chemicals. ACS grade toluene, tetrahydrofuran (THF) and methyl ethyl ketone (MEK)
were obtained from VWR and used as received. Highly polished single-crystal silicon
wafers of {100} orientation (Semiconductor Processing Co.) were used as a model
substrate for flat surfaces.
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5.3: Experimental
5.3.1: Model Substrates
Silicon wafers were used as model (flat) substrates to optimize the experimental
conditions required to create surfaces with high repellency. These wafers were chosen as
model substrates to study polymer grafting thickness and nanoparticle adsorption. After
optimizing treatment conditions on the model silicon wafer substrates, the same
treatments were then implemented on three different polyester fabrics, each having an
inherently different fabric roughness.

5.3.2: Silicon wafer and PET fabric preparation
The experimental procedure for the silicon wafer preparation and the polyester
fabric preparation are explained in section 3.4 of chapter 3.

5.3.3: Synthesis of ultrahydrophobic silicon wafer substrates / polyester fabrics
using CaCO3 nanoparticles
In an attempt to reduce the number of steps to prepare ultrahydrophobic fabrics as
compared against the multi-step approach using silver/silica nanoparticles the following
procedure was used.

The substrate (silicon wafer / fabric) after the initial sample

preparation was dip coated under constant ultrasonication in PGMA solution prepared
from MEK (0.2 wt/vol %) for 3 minutes, to create an anchoring layer. The PGMA coated
fabric was annealed at 110 °C for 10 minutes. The fabrics were then exposed to a
suspension of CaCO3 nanoparticles (~ 100 nm to 200 nm) dispersed in 2% SEBS
polymer solution prepared from toluene, under constant ultrasonication for 3 minutes.
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The amount of CaCO3 nanoparticles added to the SEBS solution was varied at different
percentage concentrations by volume (30, 40, 50, 60 and 70) with respect to the SEBS
polymer concentration. The percentage composition was varied and the composition that
produced the largest contact angle was identified.
The presence of CaCO3 nanoparticles along with the SEBS polymer on the silicon
wafer / fabric makes the surface rough with bumps, as shown in Figure 5.1. The bumpy
surface was changed to a porous surface by dissolving the calcium carbonate
nanoparticles in 10 wt % acetic acid (AA). Along with the bumpy surfaces, the porous
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Figure 5.1.Schematic representation of the two step approach
using calcium carbonate nanoparticles and SEBS. Blue spheres
represent the CaCO3 nanoparticles.
surfaces was also studied to verify if the rough surface profile created due to the dimples
left by the nanoparticle is sufficient enough to increase the hydrophobicity. Scanning
probe microscopy (SPM), scanning electron microscopy (SEM) analysis and contact
angle measurements were performed to analyze the nanoparticle distribution and the
wetting behavior of the substrates after the modification.
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5.3.4: Effect of percentage composition (by volume) of SEBS to CaCO3 nanoparticle
concentration
The amount of the nanoparticles added to the SEBS polymer solution is an
important factor and hence the optimum concentration of the nanoparticle composition to
the polymer solution was determined. Initially, 2 wt % SEBS polymer solutions in
toluene were prepared. Later, the amount of nanoparticle to be added to the polymer
solution on the basis of the weight % by volume of the polymer was calculated using the
density of the CaCO3 nanoparticles and SEBS polymer as 2.83 g/cm3 and 0.915 g/cm3
respectively. Different compositions were studied and their effect on the hydrophobicity
of the surface is studied in terms of the WCA measurements. Also the weight % of the
SEBS polymer was varied and studied.
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5.3.5: Effect of the shape of CaCO3 nanoparticles on obtaining ultrahydrophobicity

(a)

(b)

Figure 5.2. (a): cube like CaCO3
nanoparticles of size 40-70 nm and (b) needle
like CaCO3 nanoparticles of size 200-350

Cube-like and needle-like CaCO3 nanoparticles,27 as shown in Figure 5.2, were used
to study the effect of the shape of the nanoparticles. The same procedure as explained
above for the CaCO3 nanoparticles was followed here and was applied to the silicon
wafer substrates only. The study did not include any of the fabrics because this was
intended only to ascertain the effect of the shape of the nanoparticles. The compositions
of both the cube-like and needle-like nanoparticles were varied with respect to the
hydrophobic SEBS polymer concentration. The substrates after the modification were
analyzed using SPM to study the nanoparticle distribution.

The wettability of the

substrates was verified using the water contact angle measurements.
5.3.6: Dissolution of the CaCO3 nanoparticles
The CaCO3 nanoparticles present on the surface were then dissolved in 10 wt %
acetic acid prepared from diluting glacial acetic acid with water for ca. 1 hour. The
dissolution of the nanoparticles were performed in order to improve the hand value
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(comfort properties) of the fabric while keeping the surface roughness in tact by replacing
the bumps present in the form of nanoparticles with pores that arises due to the
dissolution of these nanoparticles (changing from a bumpy morphology to a porous
morphology). Later, AFM and WCA measurements were performed to verify if the
dissolution of the nanoparticles was able to provide the appropriate roughness for the
ultrahydrophobicity.
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5.4: Results and Discussion
The CaCO3 nanoparticles approach provided fewer steps in the fabrication
process as compared to other approaches. The thickness of the PGMA layer was found to
be 2.0 ± 1 nm and the final SEBS polymer layer thickness was measured to be between
100 and 200 nm. There was a lot of variation in the final thickness of the SEBS layer due
to the presence of the CaCO3 nanoparticles. Though this approach showed better results,
the nanoparticles formed a lot of aggregates.

5.4.1: Effect of % composition by volume of SEBS to CaCO3 nanoparticle
concentration
AFM topography images of the CaCO3 nanoparticles adsorbed on the silicon
wafer is illustrated in Figure 5.3. From the figure, it can be observed that higher
concentrations of the nanoparticle promote not only the surface coverage but also
nanoparticle aggregation. The increase in the nanoparticle composition did not increase
the RMS values, but showed a high degree of variation ranging from 160 to 320 nm,
which is due to the high degree of aggregation. Higher concentrations of nanoparticles,
such as 85 and 80 vol. %, have good surface coverage.

On the contrary, lower

concentrations, such as 50, 40 and 30 vol. %, showed lower surface coverage. The
optimum coverage with minimal aggregation was observed to be around 70 vol. %
concentration of the nanoparticles.

The minimal aggregation observed around this

concentration might be due to the condition of reaching the optimum concentration
required for the nanoparticles to move within the solution and come in contact with each
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other.

The particles then collide once they come in contact with each other and

eventually break down to become smaller particles thus preventing greater aggregation.
AFM images shown in Figure 5.4, demonstrates the effect of forming porous
structures by dissolving the nanoparticles in acetic acid. Measurement of the RMS
roughness values before and after forming these porous morphologies showed that the
surface roughness was not maintained as anticipated. Instead the formation of pores
dropped the roughness values considerably from a range of 160 to 320 nm to a range of
approximately 50 to 100 nm. This might be due to the presence of the nanoparticles on
the topmost part, with the nanoparticles just touching the SEBS hydrophobic layer
instead of the nanoparticles being half immersed in the SEBS layer. This behavior can be
mainly attributed to the aggregation problems caused by the CaCO3 nanoparticles.
The results obtained from the WCA measurements as shown in Figure 5.5 are
also consistent with the SPM images.

It was observed that 30 vol % CaCO3

demonstrated the lowest WCA of ~ 125°. Increase in the CaCO3 content from 30 to 70
vol % showed a linear dependence on the observed WCA, and increased the contact
angle from 125 to 155°.

70 vol % CaCO3 content was found to be the threshold

concentration and the reason for this observed result could be the same as above (due to
the optimum concentration that triggers the nanoparticles to come in contact with each
other and break down, thus preventing aggregation). Increasing the concentration further
decreases the observed WCA. The formation of porous structures also demonstrated
similar type of results. The WCA increased initially from ~ 110° to 125°, reached the
threshold concentration at the same 70 vol % CaCO3 content and later started to decrease.
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The water contact angle reduced from ca. 155° to 120° due to the formation of
porous structures. Hence in can be inferred that in order to maintain the same contact
angle while changing from a bumpy profile to a porous profile, it is important to keep the
RMS roughness values constant. In this case, the maintenance of the roughness was not
possible due to the aggregation problem. Thus to prevent the aggregation and maintain
the roughness, it is essential to have a homogeneous distribution of the nanoparticles on
the surface (that resembles a monolayer) with good surface coverage.
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(a)

(d)

(b)

(c)

(e)

(f)

(g)

(h)

Figure 5.3: SPM topography images (10 X 10 µm) showing the effect of the %
composition by volume of SEBS to CaCO3 nanoparticles (cube shape) before dissolution.
(a) 15:85, (b) 20:80, (c) 25:75, (d) 30:70, (e) 40:60, (f) 50:50, (g) 60:40, and (h) 70:30.
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(a)

(b)

(d)

(e)

(c)

(f)

(g)

(h)

Figure 5.4: SPM topography images (10 X 10 µm) showing the effect of the %
composition by volume of SEBS to CaCO3 nanoparticles (cube shape) after dissolution of
nanoparticles. (a) 15:85, (b) 20:80, (c) 25:75, (d) 30:70, (e) 40:60, (f) 50:50, (g) 60:40,
and (h) 70:30.
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Figure 5.5. WCA (Water contact angle) vs. % CaCO3 composition
plot on silicon wafer polymer.
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5.4.2: Effect of the shape of CaCO3 nanoparticles on obtaining ultrahydrophobicity
Nanoparticles of cube and needle like shape readily available from Solvay
chemicals were chosen for this study. The needle shaped nanoparticles were anticipated
to give sharp asperities as compared to the cube shaped particles. Several researchers28-32
have predicted the effect of asperities on improving the hydrophobic water contact angle.
Miwa et al.28 have experimentally observed the effect of sharp asperities on the observed
water contact angle. WCA and the sliding angle (angle at which the water droplet starts
to slide/roll) have been found to increase and decrease, respectively, for surface structures
having sharper asperities. Bico et al.32 have also demonstrated that roughness structures
obtained with higher aspect ratios, such as spiked structures, show the highest WCA.
Oliver et al.31 explain the increase in the water contact angle observed for the rough
surfaces are due to the presence of sharp edges. Hence based on these experimental
results, it was anticipated that the presence of sharp asperities in the form of needle
shaped nanoparticles will lead to increase in the observed WCA.
Figure 5.3 and 5.4 show the surface morphology of the cube shaped nanoparticles
and Figure 5.6 and 5.7 show the surface morphology of the needle shaped nanoparticles
adsorbed on the silicon wafer substrate along with the SEBS polymer respectively. The
RMS roughness ranges for the cube shaped nanoparticles before and after the extraction
of the nanoparticles are 160 to 320 nm and 50 to 100 nm respectively. The RMS
roughness ranges for the needle shaped nanoparticles before and after the extraction of
the nanoparticles are 100 to 250 nm and 50 to 150 nm respectively. Observations from
the above figures and comparisons of the RMS roughness values suggest that there is no
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particular trend from these experimental results. Instead it was observed that the needle
shaped nanoparticles aggregated more than the cube shaped nanoparticle. This might be
due to the shape factor of the calcium carbonate nanoparticles suggesting that the needle
shape with higher asperities are more prone to aggregate than the cube shape with lower
asperity. Also these nanoparticles are found to be laid parallel to the wafer substrate.
The aspect ratio would play an important role in determining the WCA only if the
particles are adsorbed in a way that they align themselves perpendicular to the substrate.
WCA measurement studies shown in Figure 5.8 suggest that the cube shaped
nanoparticles exhibit superior hydrophobic properties than that of the needle shaped
nanoparticles at different levels of nanoparticle composition. Hence from the results
obtained, it is reasonable to assume that the shape factor of the calcium carbonate
nanoparticles does not play a major role in increasing the hydrophobicity. But this result
may not apply to other nanoparticles which are less prone to aggregation than the calcium
carbonate particles.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 5.6: SPM topography images (5 X 5 µm) showing the effect of the %
composition by volume of SEBS to CaCO3 nanoparticles (needle shape) before
dissolution of nanoparticles. (a) 25:75, (b) 30:70, (c) 40:60, (d) 50:50, (e) 60:40, and (f)
70:30. Vertical data scale of the images (a), (b), (c), (d), (e) and (f) are: 1200 nm, 1600
nm, 1500 nm, 400 nm, 600 nm and 800 nm respectively.
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(a)

(b)

(c)

(d)

Figure 5.7: SPM topography images (5 X 5 µm) showing the effect of the %
composition by volume of SEBS to CaCO3 nanoparticles (needle shape) after dissolution
of nanoparticles. (a) 25:75, (b) 30:70, (c) 40:60, and (d) 50:50. Vertical data scale of the
images (a), (b), (c), and (d) are: 1000 nm, 800 nm, 1200 nm, and 900 nm respectively.
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Figure 5.8. Effect of CaCO3 nanoparticle
shape on the WCA of the silicon substrate
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5.4.3: Effect of the substrate topography on hydrophobicity
In addition to the adsorption of CaCO3 nanoparticles to silicon wafer, the
nanoparticle adsorption was also applied to two different fabrics.

The PET fabric

surfaces have different levels of roughness. Figure 5.9 is an SEM micrograph of the two
fabrics used Fabric 1 and Fabric 2, having different fabric densities, 335 g/m2 and 122
g/m2 respectively. From this figure, the difference between the fabric structures can be
observed and the fact that both have different surface roughness is obvious. Also fabric 2
is more open, breathable and rougher than the former.
Due to the roughness associated with the starting material (substrate), it was
anticipated that the rougher substrates will exhibit better hydrophobic properties. But the
WCA measurements on the 3 substrates (Figure 5.10 and 5.11) after the nanoparticle
modification process showed that the contact angles were greater than 150° (above the
ultrahydrophobic boundary) for all of the substrates. This showed that the substrate
roughness did not have any added effect on the hydrophobic property when this approach
is carried out. This is mainly due to the excessive surface roughness achieved after the
CaCO3 nanoparticle adsorption in the form of aggregates that it negates the initial
roughness that comes from the substrate. But once the nanoparticles were dissolved the
WCA drops drastically to ca. 120°. Hence the aggregation of the nanoparticles proves to
be effective in achieving superior hydrophobic properties. This approach will thus be
suitable for applications were fabric comfort properties or stiffness is not important. It is
also important to note that such high contact angles are difficult to be achieved by
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modifying a flat surface like silicon wafer without using any fluorinated polymers. Thus
obtaining ultrahydrophobicity on a flat surface without fluoropolymers will lead to many
exciting applications other than textiles such as automobile exteriors surfaces, housing
walls, airplane surfaces and many more.
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(a)

(b)

1 mm

1 mm

Figure 5.9. Two different polyester fabrics. (a) Fabric 1 with 335
g/m2 density and (b) Fabric 2 with 122 g/m2 density.

Figure 5.10. Water droplet suspended (158°) on a
CaCO3 modified silicon wafer substrate.

Figure 5.11. Water droplet suspended on PET fabric
of different fabric structures with CaCO3 / SEBS
coating (a) Fabric 1 and (b) Fabric 2.
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5.4.4: SEM analysis of the PET fabrics after the nanoparticle adsorption
SEM images of the PET fabrics 1 and 2, after the deposition and extraction of
CaCO3 nanoparticles are shown in Figure 5.12 and Figure 5.13, respectively. From
these figures, heavy aggregation of the nanoparticles and the complete removal of the
nanoparticles from the fiber surface can be observed. From Figure 5.12 it is expected
that due to the heavy aggregation of the nanoparticles on the fabric substrates, the RMS
roughness values increases abruptly to a sub-micron or micron level roughness, thereby
making the substrate demonstrate the “lotus effect”. Whereas Figure 5.13 suggests that
though the nanoparticles are extracted the sub-micron level roughness on the fiber surface
is not maintained to exhibit this effect.

Figure 5.12. CaCO3 nanoparticles (~100 to 200nm) adsorbed on the
PET fiber surface. (a) 100 and (b) 5k magnifications.

Figure 5.13. PET fiber surface after the dissolution of CaCO3
nanoparticles (~100 to 200nm). (a) 500 and (b) 2k magnifications.
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5.5: Conclusions
It can be concluded that the two step approach using calcium carbonate
nanoparticles can be used on any substrate to make the substrate exhibit superior
hydrophobic properties where the appearance of the surface (aggregation) is not really
important. For example, the fabrics prepared here will be more suitable for industrial
applications where the fabric hand is not important rather than for apparel purposes
where the fabric hand is essential. It was observed that the fabric stiffness increased after
the nanoparticle adsorption, which is anticipated to deteriorate the fabric hand.

In

addition, the effect of the nanoparticle shape shows that the shape does not have a
significant effect on the hydrophobicity, though this study showed that cube shaped
nanoparticles exhibited slightly higher WCA over the needle shape. But this result may
not apply to other nanoparticles and hence separate studies of the shapes of those
individual nanoparticles if studied might suggest otherwise.
Also the fact that such high contact angles greater than the ultrahydrophobic
boundary, can be obtained on a flat surface such as silicon wafer just by using CaCO3
nanoparticles and a commercially available polymer (SEBS) without the necessity of a
fluorinated polymer, expands the horizons for its application.

Some of the main

applications relevant to the modification of flat substrates that might have tremendous
impact include automobile exteriors surfaces, windshields, housing walls, airplane
surfaces, ship hulls and many more.
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CHAPTER 6
SURFACE MORPHOLOGY OF CROSS-LINKED TRI-BLOCK COPOLYMER
FILMS
6.1: Introduction
In an attempt to maintain the surface roughness achieved using the two-step CaCO3
nanoparticles approach, the SEBS triblock copolymer used in the process was crosslinked. The cross-linking was performed using a photo-initiator and was aimed to restrict
the movement of the nanoparticles in the polymer thin film, resulting in a robust coating
with controllable surface roughness. Therefore this chapter focuses on the cross-linking
of the triblock copolymer films and the morphology studies performed on these films
after different solvent treatments.
Numerous theoretical and experimental studies have been devoted to thin polymer
films made of block copolymers due to their potential applications in many technological
areas, including coatings, nano-lithography, micro-electronics, lubricants, adhesives, and
membrane separation.1 Studies of block copolymer surfaces have shown that the lower
surface energy constituent preferentially locates itself at the free surface and this
preferential orientation depends upon the external environment.2 In particular block
copolymers are used for these types of applications based upon preferential orientation
and a characteristic feature of these systems is the repulsion between unlike blocks,
leading to microphase separation at mesoscopic length scales.3 These films self-organize
in a variety of ordered microdomain structures from spherical to lamellar as the fraction
and molar mass of blocks constituting the copolymers are changed. The microdomain
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orientation of the films is strongly influenced by the boundary conditions at polymersubstrate and polymer-air (vacuum) interfaces. Moreover these films undergo series of
structural reorganizations with decreasing film thickness.

The surface microdomain

morphology depends upon the t/d ratio where t is the film thickness and d is the
equilibrium spacing of the microdomain structure.4 In general, the organization of the
films into the well defined structures have attracted much attention, since the broad range
of their applications requests very different surface morphologies.5,6,7
Several studies have shown that cross-linking of the block copolymer films is
essential for the preservation of meso-structural ordering during swelling.8 Also crosslinking of the polymer systems influences the interaction between the individual phases.9
Introduction of cross-links restricts the rearrangement of the block copolymer during
swelling in the presence of a solvent. The swelling of polymeric gels is generally
described using the Flory-Rehner theory.10 For an isotropic polymer gel, the equilibrium
volumetric degree of swelling is predicted to scale as the density of cross-links to the -3/5
power, with the swelling occurring equally in all dimensions. Whereas in the case of thin
polymer gels attached to rigid substrates such as a silicon wafer, the polymer network is
unable to expand in the directions parallel to the plane of the substrate. For such cases
the Flory-Rehner theory predicts that the linear extent of swelling in the direction normal
to the film plane should be larger than the linear swelling of an equivalent unconfined
gel, scaling as the density of cross-links to the -1/3 power. Experiments have been
performed to qualitatively verify this result.11 As the expansion occurs only in one
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dimension, the overall volumetric swelling of a thin gel confined to a surface is many
times less than in the unconfined gel.11,12,13
In addition, Ryan et. al8 explained that there remains a strong osmotic driving force
for swelling of the confined polymer network in the dimensions parallel to the plane of
the film, putting the film into a state of biaxial compressive stress. Such swelling stresses
can be quite high and have been observed to give rise to mechanical instabilities that lead
to wrinkling of the free surface of confined gels14 and delamination of thin polymer
layers from their supporting substrates.15,16,17 However, as the degree of cross-linking
increases and the extent of swelling decreases, the magnitude of such swelling stresses
also gets diminished. These osmotic stresses generated during swelling of a thin polymer
film can also lead to delamination of the film from its supporting substrate, if the
adhesion at the interface is overcome.16,17

Ryan et. al8 has explained that this

phenomenon of delamination gives rise to a mechanical instability wherein the polymer
film buckles away from the substrate. They have referred to this instability as buckling
and revealed that the onset of buckling could be shifted to greater film thicknesses by
functionalization of the substrate surface to promote adhesion of the polymer film. This
also suggests that, while film buckling is an important mode of failure to consider, this
problem could still be effectively overcome.
The surface morphology of cross-linked thin tri-block copolymer layers with t/d > 1
is discussed in this chapter. The purpose of this study is to reveal the morphology of the
nano-thick films as a function of the thickness, level of cross-linking, and solvent
treatment. To avoid the dewetting and removal of the film during the solvent treatment,
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functionalized tri-block copolymer with maleic anhydride (MA) was used for the film
preparation. The functionalized polymer chains tethered to the surface prevented the
dewetting/removal.

6.2: Materials
Glycidyl methacrylate (GMA) obtained from Aldrich was polymerized radically
to give PGMA (Mn- 24 000 g/mol, PDI 1.7 (obtained from GPC). SEBS copolymer was
obtained from Kraton polymers with Mn – 41,000 g/mol (styrene and maleic anhydride
(MA) content 29 wt% and 2 wt% respectively). The photoreactive crosslinking agent,
benzophenone (BP) was obtained from Alfa Aesar. The various solvents such as toluene,
ethyl acetate, THF, cyclohexane and hexane used for swelling the crosslinked polymer
films were obtained from VWR. Mineralight UV lamp (Model UVG-11) with 254 nm
wavelength was used for the photo cross-linking.

6.3: Experimental
Silicon wafers were cleaned as described in the experimental Chapter 3. A
PGMA layer was deposited on the cleaned silicon wafer by dip coating from a 0.02 %
PGMA solution in MEK. The thickness of the anchoring layer was 2.5 ± 0.1 nm as
measured by ellipsometry. SEBS and BP (crosslinking agent) were then deposited by dip
coating on the PGMA covered silicon wafer from a toluene solution. The concentration
of the SEBS was altered from 1 to 4% to vary the thickness of the films.

BP

concentration was also varied between 1 and 2%, based on the weight of the SEBS
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polymer. The experimental design is shown in Table 6.1. The resulting thickness of
these SEBS films was between 100 to 300 nm, as measured by ellipsometry.

The

thickness was also verified using the AFM scratch test, where the polymer film coated on
the silicon wafer was scratched using a metal needle followed by subsequent scanning of
the film.
These SEBS coated films were then exposed to a monochromatic UV lamp
(254nm) to initiate the photo crosslinking. The exposure time was varied from 15, 30
and 45 minutes using a combinatorial approach. After the crosslinking was completed,
the samples were rinsed overnight in different solvents, to dissolve any non-crosslinked
SEBS and to swell the attached/crosslinked polymer.

The solvents were chosen

accordingly so that they had some/no preferential attraction towards either of the two
blocks (or individual blocks) in the SEBS based on their solvating powers. The samples
were later analyzed using the SPM for their surface morphologies.

Sample #

Description

1

1%SEBS, 1%BP

2

1%SEBS, 2%BP

3

2%SEBS, 1%BP

4

2%SEBS, 2%BP

5

4%SEBS, 1%BP

6

4%SEBS, 2%BP

Table 6.1: Listing of the experimental design on model silicon wafer substrates
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6.4: Results and Discussion
6.4.1: Cross-linking of the triblock copolymer
The photochemistry of benzophenone is well known, and the irradiation of the
film to UV light that contains BP, triggers the n, π* transition in the BP segment. This
leads to a bi-radical triplet state capable of abstracting a hydrogen atom from almost any
kind of neighboring aliphatic C-H group, forming a stable C-C bond.18192021

It is

anticipated that the oxygen of the carbonyl group present in the photo-initiator abstracts a
hydrogen atom from the SEBS. This leaves behind two free radicals, one at the previous
carbonyl carbon and the other at the reaction partner SEBS.20 The free radicals generated
likewise will recombine to form cross-linking of the SEBS polymer chains and the
schematic is illustrated in Figure 6.1.

O
C

H

SEBS polymer
chain

+

H

C

+

C

Benzophenone

SEBS polymer
chain

hγ (UV irradiation)
254 nm

C
Cross-linked polymer

C
Figure 6.1. Schematic of the SEBS cross-linking using Benzophenone
photochemistry.
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6.4.2: Evolution of morphology due to crosslinking
Analysis of the SEBS thin film deposited on the silicon wafer substrate showed a
featureless morphology at the micron level.

The thickness of the SEBS thin film

dipcoated on the silicon wafer was approximately 100 nm thick depending upon the
concentration of the polymer solution prepared using toluene. Even after the crosslinking
of the SEBS film, featureless morphologies were observed at the micron level. However,
after crosslinking and further exposure of the sample to toluene, the coated film showed
the formation of micron sized ribbon-like semi-ordered structures on the film surface as
observed from Figure 6.2. From Figure 6.2, it can be clearly observed that the effect of
the crosslinking time is important for the formation of the ribbon-like morphologies.
Cross-linking exposure time of 15 minutes does not show any morphology whereas 30
minute exposure shows the formation of a ribbon-like morphology and 45 minute
exposure shows the formation of a pronounced and a well developed ribbon-like
morphology.
The thickness of the films remained the same before and after crosslinking, and
also after the solvent exposure. This suggests that the presence of benzophenone as a
photo-initiator promotes the crosslinking of the SEBS polymer chains.
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b

a

(10 nm, 0.5 nm)

(10 nm, 0.6 nm)
c

d

(25 nm, 4.3 nm)

(25 nm, 0.8 nm)
e

(20 nm, 3 nm)

Figure 6.2. SPM (10x10 μm) topographical images showing surface morphology of
SEBS films dipcoated on a silicon wafer. (a) before UV cross-linking, (b) after UV
crosslinking, (c-e) after toluene rinse, with (c) 15min UV, (d) 30min UV, (e) 45min UV
exposure. Vertical scale and the RMS roughness values are shown at the bottom of each
images respectively.
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6.4.3: Effect of thickness on the morphology of the SEBS film
From Figure 6.3 and 6.4, the effect of thickness on the morphology of the SEBS
thin film can be clearly observed. As the SEBS polymer concentration was increased
from 1 % (w/v) to 4 % (w/v), the thickness of the film was also found to increase from
approximately 80 nm to 320 nm (Figure 6.4). The increase in the BP concentration from
1 % to 2 % did not significantly affect the thickness. The results of the AFM scratch test
to verify the thickness measured by the ellipsometry is shown in Figure 6.5 for the
sample prepared from 2 % SEBS and 2 % BP. In this figure, the profile of the scratch at
a given point is also shown and was found that the vertical distance from the base line to
the low point of the valley is approximately 150 nm. This thickness result is consistent
with the results obtained from the ellipsometry and therefore further measurements were
performed using only ellipsometry. Figure 6.3 demonstrates that the 1 % (w/v) SEBS
concentration does not produce a well defined ribbon-like structure. This suggests that
the thickness of the film is an important factor to the micron sized morphology formation.
The greater the thickness the more pronounced is the structure formed. It can be assumed
that the thin polymer film that is attached to the rigid silicon wafer substrate is unable to
expand in the directions parallel to the plane of the substrate and can only expand in the
direction normal to the film plane.
As a result, the linear swelling ratio will be almost equal to unity (ratio of the
thickness of the polymer layer after solvent rinsing to that of the thickness of the polymer
layer before rinsing). Hence the formation of these morphologies might just be a surface
phenomenon. Also, the lateral swelling dimensions of the ribbon-like morphologies were
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measured for different polymer thickness, and it was found to increase proportionally in a
linear fashion as shown in Figure 6.4.

a

b

(10 nm, 0.6 nm)
c

(10 nm, 0.6 nm)
d

(20 nm, 3 nm)

(20 nm, 3.5 nm)
f

e

(100 nm, 11 nm)

(200 nm, 19 nm)
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h

g

(200 nm, 20 nm)

(80 nm, 19 nm)

Figure 6.3. SPM (10x10 μm) topographical images showing surface morphology of
SEBS films dipcoated on a silicon wafer of different thickness. (a) 1% SEBS, 1% BP,
(b) 1% SEBS, 2% BP (c) 2% SEBS, 1% BP (d) 2% SEBS, 2% BP (e) 3% SEBS, 1% BP
(f) 3% SEBS, 2% BP (g) 4% SEBS, 1% BP (h) 4% SEBS, 2% BP. All the images are
obtained after 45 min UV crosslinking and overnight toluene rinse. BP concentrations
are with respect to the polymer weight. Vertical scale and the RMS roughness values are
shown at the bottom of each image respectively.

Lateral Dimensions, μm

2.0

1% Benzophenone
2% Benzophenone

1.5

1.0

0.5

0.0
0

100

200

300

400

SEBS Film Thickness, nm
Figure 6.4. The effect of the SEBS film thickness on the lateral dimensions of the
ribbon-like morphology obtained after crosslinking and solvent rinse.
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(a)

(b)

Figure 6.5. (a)AFM image obtained after scratching the film prepared from 2 % SEBS
and 2 % BP and (b) Profile of the AFM image shown in (a) at the marked line.
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6.4.4: Effect of solvent based on its solubility parameter on the formation of SEBS
morphology
The different solvents used to verify the cross-linking of the SEBS films are listed
in Table 6.2. Exposure of the polymer film to these solvents produced interesting surface
structures as shown in Figure 6.6. Though the different solvents used in the study
formed different structures the primary repeat structure (ribbon-like morphology) was
similar for all of the morphologies.

The major differences in these different

morphologies obtained are based on the lateral swelling dimensions. The changes in the
dimensions are due to the distortions of the polymer chains caused by the solvent as a
result of the polymer swelling.8 The distortions of the polymer chain and the degree of
swelling depend upon the solubility parameter of the different solvents used. Table 6.2
indicates that toluene and THF acts as a good solvent for both the blocks of the SEBS
polymer with slightly higher preference for the styrene block. Similarly, cyclohexane
and hexane are also good solvents for both the blocks of the SEBS polymer but they
show slightly higher preference for the ethylene-butylene (EB) block. On the contrary,
ethyl acetate swells only the styrene block and is a bad solvent for the EB block.
From Figure 6.6 (c, d and e), it can be observed that the introduction of the film
to ethyl acetate shows that the film has a featureless morphology at the micron level
though the thickness of the film remains constant. This suggests that for the structure
formation at the micron scale, swelling of the EB block is very important. This is mainly
because the EB block is the continuous phase which is approximately 72 wt % of the
SEBS block copolymer composition. Therefore, as the major phase of the SEBS film is
not swollen by ethyl acetate, no morphology changes are observed at the micron scale.
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All of the solvents that swell the EB block, such as toluene, THF, cyclohexane, hexane
and also the mixture of toluene and ethyl acetate, show the structure formation. The
samples obtained after ethyl acetate rinse showed almost a flat structure with the RMS
roughness value of approximately 1 nm whereas the morphologies obtained from the
other solvents showed the RMS values varying from 5 to 10 nm. This observation that
the RMS changes only approximately 10 nm when the total film thickness is
approximately 100 nm suggests that the changes might only be occurring at the surface
level. The density of cross-linking might influence these changes in the morphology
occurring both at the surface and the bulk of the polymer film. Hence it is expected from
the morphologies obtained that the crosslink density is a primary factor in determining
these equilibrium structures formed.

Polymer/Solvent

Preference

Ethyl Acetate

Swells PS block only

THF

Swells both blocks,
PS preferable
Swells both blocks,
PS preferable
Swells both blocks,
EB preferable
Swells EB block only

Toluene
Cyclohexane
Hexane

PS blocks of the SEBS polymer

Solubility Parameter
(MPa)(1/2)
18.6
18.6
18.2
16.8
14.9
17.5

16.96 (ethylene)
15.47 (butylene)
Table 6.2. Solubility parameters of the polymer/solvents.
EB blocks of the SEBS polymer
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15 min
a

30 min
b

45 min
c

Toluene

(25 nm, 0.8 nm)
d

(25 nm, 4.3 nm)

(20 nm, 3 nm)

e

f

EA

g

(25 nm, 1.1 nm)

(25 nm, 0.8 nm)

(25 nm, 1.3 nm)

i

h

50:50
Toluene: EA

(50 nm, 6.6 nm)

(25 nm, 4.5 nm)
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(25 nm, 3.9 nm)

15 min
j

30 min
k

45 min
l

THF

(50 nm, 6 nm)
m

(50 nm, 4.8 nm)

(50 nm, 5.8 nm)
o

n

Cyclohexane

p

(25 nm, 4.0 nm)

(30 nm, 4.4 nm)

(50 nm, 6.5 nm)
q

r

Hexane

(50 nm, 10.4 nm)

(50 nm, 8.4 nm)

(80 nm, 9.7 nm)

Figure 6.6. SPM (10x10 μm) topographical images showing surface morphology of
SEBS films dipcoated on a silicon wafer and rinsed in 6 different solvents with 3
different UV exposure times (15, 30, and 45 min). Solvent treatments and the exposure
times are shown at the starting of each row and columns of the images, respectively.
Vertical scale and the RMS roughness values are shown at the bottom of each image
respectively.
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6.4.5: Preservation of the characteristic ‘finger print’ pattern of the SEBS block
copolymer morphology
Observations at the higher magnifications (Figure 6.7) obtained after the solvent
rinse shows that the characteristic finger print pattern of the SEBS block copolymer is
preserved. Even though the images in Figure 6.6 show micron sized formation of
ribbon-like morphologies, the local organization of the polymer meso-structure is still
preserved. Ryan et al.8 explained this behavior in their model of affine and non-affine
swelling, shown in Figure 6.8.
According to Ryan et al.,8 osmotic stresses are developed when polymer thin
films attached to rigid substrates are swollen. When polymer thin films attached to rigid
substrates are exposed to good solvents, they swell and, due to the attachment of these
films to the substrate, the expansion occurs only in one dimension, in the direction
normal to the substrate. This causes a strong osmotic driving force for swelling of the
confined polymer network in the dimensions parallel to the plane of the film, putting the
film into a state of biaxial compressive stress. Such swelling stresses can be quite large
and give rise to affine or non-affine swelling, and this depends upon the degree of
crosslinking.
The affine swelling is believed to occur due to heavy crosslinking. In this case
even though the polymer film swells, it does not cause distortion of the polymer mesostructure due to the high degree of crosslinking. On the contrary, non-affine swelling
occurs in the case of low levels of crosslinking, causing wrinkling instability, which is
nothing but a combination of both polymer swelling and distortion of the polymer mesostructure. But, in this case, the low level of crosslinking is still sufficient enough to
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preserve the local organization of the polymer structure.8 This model proposed by Ryan
et al.8 is found to closely match the experimental results observed in this study. The
crosslinking is responsible for both the ribbon-like morphology at the micron level after
the solvent exposure and for the preservation of the local orientation of the polymer
meso-structure. Based on this model and from the experimental results obtained, it can
be predicted that the level of cross-linking varies through the depth of the polymer film.
It is anticipated that high levels of cross-linking occurs at the surface of the polymer film
whereas the cross-linking is low at the interfacial region between the polymer film and
the substrate.
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a

b

c

(10 nm, 1 nm)
(20 nm, 2 nm)
(10 nm, 0.9 nm)
Figure 6.7. SPM (1 X 1 μm ) topographical images showing the surface morphology of
SEBS films dipcoated on a silicon wafer and rinsed in different solvents after 45 min UV
exposure. Solvent rinse was applied as follows: (a) toluene, (b) hexane, (c) THF.
Vertical scale and the RMS roughness values are shown at the bottom of each image
respectively.

Affine Swelling

Wrinkling Instability

Figure 6.8. Schematic diagram depicting the deformation of the block copolymer mesostructure for the cases of affine swelling and the osmotic stress induced wrinkling
instability proposed by Ryan et al.8 (Reprinted with permission from ACS publications).

140

6.4.6: Reversible variation of the morphology of SEBS thin film
The morphology obtained with the SEBS thin films was found to be reversible.
As shown in Figure 6.9 the film was initially exposed to toluene and then to ethyl acetate
and finally back to toluene. The initial rinse of the film in toluene was carried out
overnight. The formation of the ribbon-like morphology was observed. Once the film
was then exposed to ethyl acetate overnight the well pronounced ribbon-like morphology
changed. Since the ethyl acetate is a poor solvent for the EB block and a good solvent for
the PS block, it is anticipated that the PS chains start swelling and the EB blocks deswell. As a result, the morphology obtained by swelling the EB block previously has
disappeared. Introducing the sample back to toluene caused the re-emergence of the
pronounced ribbon-like morphologies. This suggests that the EB blocks are now swollen
and hence the morphologies obtained are reversible.
As shown in Figure 6.10, the alternative experimental procedure was also studied
by initially exposing the sample to ethyl acetate, then to toluene and back to ethyl acetate.
The typical featureless morphology was observed after the overnight ethyl acetate
exposure but when the film was later exposed to toluene the formation of the ribbon-like
morphology became visible. Interestingly, this morphology did not disappear after the
sample was exposed (overnight) in ethyl acetate. This might be due to the fact that the
structure formed after the toluene rinse is still present and hence leaving the sample in
ethyl acetate for more than overnight may initiate the ribbon-like morphology to change
to featureless morphology. Hence the structure reversal is found to be dependent on the
swelling and de-swelling of the EB block, the continuous phase of the SEBS triblock
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copolymer. Based on these results, it is predicted that the ethyl acetate exposure time
should be much longer than the other solvents used here, for it has to swell the minor
(PS) phase and de-swell the major (EB) phase to convert the ribbon-like morphology to a
featureless morphology.
b

a

(150 nm, 11 nm)

c

(50 nm, 5 nm)

(25 nm, 3 nm)

Figure 6.9. SPM (10x10 μm) topographical images showing surface morphology of
SEBS films dipcoated on a silicon wafer and rinsed in different solvents after 45 min UV
exposure. Order of the solvent rinse applied is as follows: (a) Rinse 1 - toluene, (b) Rinse
2 - EA, and (c) Rinse 3 - toluene. Vertical scale and the RMS roughness values are
shown at the bottom of each image respectively.

a

c

b

(25 nm, 0.9 nm)
(40 nm, 4 nm)
(150 nm, 5 nm)
Figure 6.10. SPM (10x10 μm) topographical images showing surface morphology of
SEBS films dipcoated on a silicon wafer and rinsed in different solvents after 45 min UV
exposure. Order of the solvent rinse applied is as follows: (a) Rinse 1 - EA, (b) Rinse 2 Toluene, and (c) Rinse 3 -EA. Vertical scale and the RMS roughness values are shown at
the bottom of each image respectively.
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6.4.7: Interpretation of the morphology formation
Based on the experimental results and current literature, the following model
shown in Figure 6.11 is proposed for the formation of the ribbon-like morphologies after
crosslinking and solvent exposure. Experimental comparisons of the results to the model
proposed by Ryan et al8 suggest the morphology formation is dependent on the level of
cross-linking. A schematic predicting this behavior is shown in Figure 6.11 with the
cross-linking of the film denoted by mesh lines. After the solvent exposure, the thickness
of the film is found to remain constant while the RMS roughness increases by about 5 to
10 nm. This behavior represented in Figure 6.11, shows the formation of the ribbon-like
morphology, with the increase in surface roughness occurring due to the solvent exposure
only at the surface level.

After Crosslinking

After Solvent
Exposure

Figure 6.11. Schematic diagram depicting the proposed model for the
formation of ribbon-like morphologies of the SEBS thin film dipcoated on
PGMA modified silicon wafer. The color keys are shown below:
Silicon Wafer
PGMA
SEBS +BP
Lightly Cross-linked SEBS
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6.5: Conclusions
Unique swelling characteristics of the SEBS triblock copolymer thin films have
been observed.

Analysis of the SEBS thin film morphology shows featureless

morphology at the micron scale before and after crosslinking of the film using
benzophenone as a photo-initiator. After exposure to several solvents, the featureless
morphology changes to form a ribbon-like morphology.

The formation of this

morphology is found to be dependent upon two factors. The first is the crosslinking time
and the second is the solvent used. UV exposures of 45 minutes were found to show well
developed morphologies as compared to shorter exposure times. The thickness of the
SEBS film also had an effect on the different morphologies formed. It was found that the
lateral swelling dimensions of the ribbon-like morphology increased proportionally as the
polymer thickness increased.
The solvating power of the solvent and its individual preferences to each of the
blocks (PS and EB) present in the SEBS polymer was found to be important. For
instance, solvents that swell EB block, such as toluene, THF, hexane and cyclohexane, all
show the formation of the ribbon-like morphology. On the contrary, ethyl acetate, which
only swells the PS block, does not show the formation of this morphology. Morphology
reversal was also found to be possible by switching the solvents.

Under all

circumstances, the thickness of the polymer film was found to remain constant. For the
conditions where the ribbon-like morphologies appeared the RMS roughness values
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changed from approximately 5 to 10 nm. This is interpreted as a result of the light
crosslinking which happens only at the surface and not in the entire polymer film.
Higher magnification SPM images showed that the characteristic finger print
pattern of the SEBS block copolymer morphology is preserved. Comparison of the
results obtained here to existing literature showed that this behavior might be due to the
wrinkling instability of the polymer thin film. In summary, if this morphology formation
is controllable, it could result in endless applications such as patterning of substrates,
smart surfaces with sensing and actuating characteristics, nanofabrication and also for
various electronic purposes.
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CHAPTER 7
MULTI-STEP APPROACH USING SILVER AND SILICA NANOPARTICLES
7.1: Introduction
Nanoparticles have many potential applications in new generation materials and
devices such as optical, electronic, and chemical devices.12

Many of these devices

require immobilization of nanoparticles and this is often accomplished through surface
modifications that provide attraction and interaction with nanoparticles. In this research,
nanoparticle immobilization processes were applied to substrates to create a variety of
surface roughnesses. The fundamental approach involved the use of nanoparticles and
non-fluorinated polymers to fabricate ultrahydrophobic textile materials.

By using

combinations of polystyrene grafted layers (the low surface energy component) and silver
or silica nanoparticles (the roughness initiation component) textile materials that
demonstrate ultrahydrophobicity have been created.3 The multi-dimensional nature of
roughness arises in these fabrics due to surface modification with nanoparticles along
with fiber size and the macroscopic fabric structure. The hydrophobic polymer then
provides “the icing on the cake” to give the ultrahydrophobic fabric response, but
roughness is responsible for obtaining higher levels of repellency.

Initially silver

nanoparticles, an anti-microbial agent4 were used for the generation of sub micron level
roughness on the substrates and to demonstrate anti-microbial properties. This two fold
properties of the silver nanoparticles could in theory be used to prepare both medical
textiles5 and self cleaning materials. In addition, the universality of the nanoparticles
approach was verified using silica nanoparticles.
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To predict the roughness required initially the roughness of a lotus leaf (nelumbo
nucifera) was studied using scanning probe microscopy. Unfortunately the SPM did not
lead to consistent measurements and the study showed that the leaf surface is “very
rough”, in fact, too rough in our case for the SPM tip to track the surface profile. The
high level of roughness (in microns) and the non-homogeneous distribution of the bumps
on these leaves meant that good imaging using AFM was difficult. Despite such
difficulties, the RMS roughness (root mean square roughness value) could still be
approximated and was found to vary considerably in different areas of the leaves (in the
order of microns).

It was considered that micron level modifications may lead to

deterioration of the properties of the textile fibers and fabrics and in addition mimicking
nature’s non-homogenous rough surface seemed overly complex. Thus in this study
attempts were made to produce artificial lotus surfaces making use of submicron
particles. The initial study was restricted to preparing homogeneous rough surfaces in the
order of nanometer/submicron levels using polymer thin films and a variety of particles.
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7.2: Materials
Standard polyester (PET) fabrics style # 777H (Fabric 1), #703 (Fabric 2) and a PET
microfiber fabric (Fabric 3) were obtained from Testfabrics Inc. Polystyrene (PS) (45900
g/mol) with monofunctional carboxy terminated end groups was obtained from Polymer
Source Inc. Glycidyl methacrylate (GMA) obtained from Aldrich was polymerized using
free radical polymerization to obtain poly (glycidyl methacrylate) (PGMA) (Mn- 24 000
g/mol, PDI 1.7 (obtained from GPC)). Poly (2-vinylpyridine) (PVP) was obtained from
Aldrich (Mn- 37500 g/mol). Silver nanoparticles of various sizes (52, 84, 96 and 105
nm) were synthesized by procedures described by Evanoff et al.6 ACS grade toluene,
tetrahydrofuran (THF) and methyl ethyl ketone (MEK) were obtained from VWR and
used as received. Highly polished single-crystal silicon wafers of {100} orientation
(Semiconductor Processing Co.) were used as a model substrate for flat surfaces.
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7.3: Experimental
7.3.1: Model Substrates
Silicon wafers were used as model (flat) substrates to optimize the experimental
conditions required to create surfaces with high repellency. These wafers were chosen as
model substrates to study polymer grafting thickness and nanoparticle adsorption. After
optimizing treatment conditions on the model silicon wafer substrates, the same
treatments were then implemented on three different polyester fabrics, each having an
inherently different fabric roughness.
7.3.2: Silicon wafer and PET fabric preparation
The experimental procedure for the silicon wafer preparation and the polyester
fabric preparation are explained in section 3.4 of chapter 3.
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7.3.3: Silver nanoparticles approach
The following procedure explained below, and shown in Figure 7.1 and 7.2 was
initially performed by Iyer et al.,7 using silver nanoparticles of size 110 to 130 nm.
However they did not study the effect of nanoparticle size on the adsorption of these
particles to the fibrous substrates. This research therefore focused on studying
nanoparticles adsorption and in addition, focused on three PET fabric structures each
having an inherently different fabric roughness. Thus the effect of fabric roughness and
the effect of nanoparticle adsorption on wettability could be studied. Silver nanoparticles
of size 52 nm, 84 nm, 96 nm, and greater than 105 nm were used in this research. Based
on the results obtained, the experimental procedure was optimized using the nanoparticle
size that corresponds to the best adsorption on the fibrous substrates. The optimization
procedure was performed on the model substrates and then the procedure was transferred
to the PET fabrics.
Step 1: The cleaned substrate was dip coated using different blend compositions
of the 70/30 PGMA/PVP solution prepared in MEK (0.2 wt / vol %) and then annealed at
110 °C for 10 minutes to aid self cross-linking of the epoxy groups of PGMA.
Crosslinking of PGMA stabilizes the microstructure of the blend.
Step 2: The annealed substrate was treated with ethanol (good solvent for PVP)
to bring the PVP to the surface.

PVP is responsible for the adsorption of the

nanoparticles providing a metal-ligand complex1 between the silver nanoparticle and
PVP. The PGMA/PVP morphology formed on the silicon substrate was then studied
using the SPM.
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Step 3: The substrate was then exposed to an aqueous suspension of silver
nanoparticles under constant ultrasonication for about 3 hours. Here the effect of
nanoparticle size on the wettability was studied by exposing four model substrates
(simultaneously prepared) with four aqueous suspensions of the silver nanoparticles that
differed in the nanoparticle size.

Each of the four aqueous suspensions contained

approximately 1010 particles/ml with particle sizes of 52 nm, 84 nm, 96 nm and particles
greater than 105 nm respectively (See Table 7.1).

Reactive polymer

Nanoparticle

Reactive polymer Hydrophobic polymer

Figure 7.1: Schematic representation of the approach to achieve lotus effect. (picture
reprinted from PhD dissertation of K.S. Iyer.7)

Step 4: The substrate was then dip coated with a second layer of PGMA (0.1 wt.
% PGMA in MEK). This second layer traps the silver particles between the first
PGMA/PVP layer and PGMA layer. The formation of a “nanoparticle sandwich” ensures
nanoparticle entrapment and it is assumed that this arrangement is very robust and
durable.
Step 5: Carboxy terminated PS (using 0.5 wt. % PS solution in toluene) was then
grafted to the uncrosslinked epoxy functionality of the top layer at 150 ºC for
approximately 4 hours. Unreacted PS was later removed by multiple rinsing in toluene.
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S ilver
N anoparticle
G rafted P S B rush
P G M A/P V P

PGM A

PET

Figure 7.2 Schematic depiction of the modified lotus surface on
PET fiber (picture reprinted from PhD dissertation of K.S. Iyer.7)
Scanning probe microscopy (SPM) analysis was performed on the resultant
substrates after each step. The wettability characteristics of these substrates after the final
step of PS grafting were studied using static contact angle measurements. Based on the
results obtained on the samples using the above procedure the experimental conditions
were optimized.
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Table 7.1: Listing of the experimental procedure on silicon wafer substrates
Name

Step 1

Step 2

Step 3

Step 4

Step 5

Substrate 1

PGMA/PVP
dipcoating

Ethanol
treatment

52 nm silver
nanoparticle
suspension

PGMA
dipcoating

PS
grafting

Substrate 2

PGMA/PVP
dipcoating

Ethanol
treatment

84 nm silver
nanoparticle
suspension

PGMA
dipcoating

PS
grafting

Substrate 3

PGMA/PVP
dipcoating

Ethanol
treatment

96 nm silver
nanoparticle
suspension

PGMA
dipcoating

PS
grafting

Substrate 4

PGMA/PVP
dipcoating

Ethanol
treatment

> 105 nm silver
nanoparticle
suspension

PGMA
dipcoating

PS
grafting

7.3.3.1: Preparation of hydrophobic and ultrahydrophobic PET fabrics using silver
nanoparticles
SEM images of the three different PET fabrics used in this study are shown in
Figure 7.3. Fabric 1 and Fabric 2 had different fabric densities, 335 g/m2 and 122 g/m2
respectively. The third fabric (Fabric 3) is composed of PET microfibers and therefore
resembles a flat structure. Four samples of each of the 3 fabrics were prepared to study
the adsorption effect of each of the 4 different sized nanoparticle suspensions (as shown
in Table 7.1 and 7.2). Scanning electron microscopy (SEM) was used to verify the
nanoparticle coverage. The hydrophobicity of these fabrics after PS grafting was studied
using WCA measurements.
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(a)

(c)

(b)

1 mm

1 mm

500 µm

Figure 7.3. Polyester Fabrics of different constructions. (a) Fabric 1 with 335 g/m2
density, (b) Fabric 2 with 122 g/m2 density and (c) Fabric 3 made from Polyester

7.3.3.2: Wash Test
After fabric modification, a slightly modified version of AATCC wash test method
124-1996 was used to test the durability of the treatments. AATCC standard reference
detergent was used as the surfactant. Here the modified fabrics were kept in 0.1%
detergent solution at 60 °C for 2 hours whereas the AATCC method involved rinsing the
fabrics under similar conditions for an approximate time period of 12 minutes including
both the wash and rinse cycles in a launderometer. After washing with the detergent the
fabrics were thoroughly washed with water (several rinses) in order to remove residual
surfactant and the WCA was measured on these fabrics.
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Table 7.2: Listing of the experimental procedure on PET fabrics

Name
Fabric 1 or
2 or 3

Step 1
(70: 30)
PGMA/PVP
dipcoating

Step 2
Ethanol
treatment

Step 3

Step 4

52 nm/ 84 nm/ 96 nm/
PGMA
> 105 nm silver
dipcoating
nanoparticle suspension

Step 5
PS
grafting

7.3.4: Silica nanoparticles approach
The above procedure described for silver nanoparticles was followed using the
silica nanoparticles as well. This was performed to verify that ultrahydrophobic textiles
can be prepared using other nanoparticles as well. Silica nanoparticles of 100 nm size
(Nissan Chemicals) alone were used for the study.

7.3.4.1: Optimization of surface roughness on silicon wafer via silica nanoparticles to
improve hydrophobicity
Optimization of the surface roughness on silicon wafer was performed by changing
the concentration of the nanoparticle solution. To optimize the roughness created by the
nanoparticles (not taking the fabric roughness into account), a separate experiment
following the same procedure as above was studied on silicon wafer substrates using
silica microspheres having a uniform size of 150 nm ± 30 nm (Polysciences Inc).
Different concentrations of the nanoparticles were prepared from a 5.2 wt % aqueous
suspension of the 150 nm size silica particles by various dilutions to obtain homogeneous
distribution on the surface of the silicon wafer substrate. Some of the dilutions include
10x, 20x, 30x, 50x, 300x, and also 1800x.
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After wafer optimization procedures, the nanoparticle application concentration that
gave the highest contact angle was then used on the three different PET fabrics to study
the hydrophobicity on the fabrics.
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7.4: Results and discussion
7.4.1: Silver nanoparticles approach
7.4.1.1: Characterization of the hydrophobic silicon wafer substrates
The thickness of the PGMA/PVP polymer layer (after step 1) was 4.0 ± 1 nm as
measured by Ellipsometry8 on the model silicon wafer substrate. The second layer of
PGMA had a thickness of approximately 2 nm and the final polystyrene layer thickness
ranged between 5 to 15 nm. Figure 7.4 shows the SPM images after step 1 (Figure
7.4a), step 2 (Figure 7.4b) and step 3 (Figure 7.4c). The PGMA/PVP blend morphology
of the substrates after step 2 (ethanol treatment) showed a dispersed morphology due to
the immiscibility of the polymers.

Different blend percentages of the PGMA/PVP

system were studied. It was found that silver nanoparticle adsorption was dependent on
the size of the PVP domains formed in the PGMA matrix, which was measured using the
standard AFM nanoscope software.
Varying the amount of PVP in the PGMA/PVP blend regulated the density of
silver nanoparticles adsorbed.

The ideal PVP inclusion size was expected to be

approximately 100 nm as this matched the sizes of the different nanoparticles used. It was
found that the 70/30 blend ratio of the PGMA/PVP system was found to form PVP
inclusion sizes of around 100 to 150 nm (measured from the SPM morphology, see
Figure 7.4a) whereas the other blend ratio’s showed varied sizes and inconsistent phase
separations. Hence, it was decided to use this particular composition of 70/30 blend ratio
for further studies. The irregular PVP islands successfully immobilized particles (after
overnight exposure to a suspension of silver nanoparticles in deionized water) due to the
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affinity of pyridyl groups to silver through the metal ligand interactions of the nitrogen
atoms.1

The 70/30 composition was found to give the highest silver nanoparticle

coverage density as inferred from the SPM morphologies. From Figure 7.4c, it was also
observed that the nanoparticles stayed intact after the PS grafting and after several rinses
of the sample in toluene to remove the ungrafted PS polymer.

(a)

(b)

(c)

Figure 7.4. SPM topography images (2 X 2 µm). Silicon wafer modified with:
(a) PGMA/PVP (70/30), (b): silver nanoparticles sandwiched between
PVP/PGMA and PGMA layers, (c): PS grafted on the top PGMA layer.
Vertical scale of (a): 25 nm, (b): 120 nm and (c): 100 nm..
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7.4.1.2: Polyester (PET) lotus fabrics obtained from silver nanoparticle approach
The adsorption effects of the silver nanoparticles on the 3 PET fabrics were studied
based on the size of the nanoparticles as shown in Table 7.2. Figure 7.5 shows the SEM
micrographs of the polyester fabric samples (after step 3) obtained using the aqueous
nanoparticle suspensions of size 52 nm. Similarly Figure 7.6, and 7.7 shows the SEM
micrographs of the fabric samples treated with nanoparticles of 84 nm and 96 nm
respectively and as can be seen none of fabrics show a complete surface coverage.
Figure 7.8 shows the SEM micrographs of the fabrics (after step 3) covered with the
nanoparticles with size greater than 105 nm. It can be observed that this size gave better
nanoparticle coverage of the fiber surfaces than the smaller particle sizes. This suggests
that nanoparticle size has an effect on the adsorption of nanoparticles to the PGMA/PVP
treated fabric. Since we know that the silver nanoparticles have an affinity towards the
pyridyl groups,

1

it is reasonable to assume that the size of the PVP inclusion in the

PGMA matrix is the major factor controlling the adsorption of the nanoparticle. Here it
should be noted that the PVP inclusion size ranged from 100 to 150 nm (as measured on
the silicon wafer substrates). Comparing the PVP inclusion size and the nanoparticle
size, it suggests that the PVP inclusion size influences the nanoparticle adsorption on the
fiber/fabric surface depending on the particle size. Thus either the silver nanoparticle
size or the PVP inclusion size can be altered in order to increase or optimize the
adsorption of silver nanoparticles.
The distribution density of these nanoparticles (size > 105 nm) was manually
calculated from the SEM micrograph in Figure 7.8c and was found to be in the range of
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20 ± 5 nanoparticles/µm2. This calculation was made only on the fiber surface and does
not account to the whole fabric because of the varied nanoparticle adsorption between the
individual fibers and yarns of the fabric.
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(a)

5 µm

(c)

10 µm

(b)

(d)

(f)

100 µm

2 µm

1 µm

5 µm

(e)

Figure 7.5. Silver nanoparticles of size 52 nm adsorbed on the 3 different PET
fabrics (a, b) Fabric 1, (c, d) Fabric 2, (e, f) Fabric 3. (b), (d), and (f) are higher
magnification images of (a), (c) and (e), respectively.
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(a)

(b)

5 µm

2 µm

(d)

(c)

10 µm
(f)

(e)

2 µm

Figure 7.6. Silver nanoparticles of size 84 nm adsorbed on the 3 different PET
fabrics (a, b) Fabric 1, (c, d) Fabric 2, (e, f) Fabric 3. (b), (d), and (f) are higher
magnification images of (a), (c) and (e), respectively.
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(a)

5 µm

(c)

100 µm

(e)

10 µm

2 µm

(b)

2 µm

(d)

5 µm

(f)

5 µm

Figure 7.7. Silver nanoparticles of size 96 nm adsorbed on the 3 different PET
fabrics (a, b) Fabric 1, (c, d) Fabric 2, (e, f) Fabric 3. (b), (d), and (f) are higher
magnification images of (a), (c) and (e), respectively.
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(b)

(a)

10 µm

(d)

100 µm

(e)

(g)

500 µm

(h)

(c)

2 µm

µm

(f)

5 µm

10 µm

(i)

2 µm

5 µm

10

Figure 7.8. Silver nanoparticles of size >105 nm adsorbed on the 3 different PET fabrics (a,
b, c) Fabric 1, (d, e, f) Fabric 2, (g, h, i) Fabric 3. (b, c), (e, f), and (h, i) are higher
magnification images of (a), (d) and (g), respectively.

165

A typical static water contact angle analysis (Figure 7.9) was performed on all the
3 different PET fabrics having the PS/silver multilayer treatment. The water contact
angles measured after the final modification step (step 5) were found to be different for
all of the 3 fabrics. Fabric 1 showed water contact angles (WCA) of about 150° ±
5°(Figure 7.9a), whereas fabric 2 showed WCA of 160° ± 8° (Figure 7.9b) and fabric 3
showed WCA of about 138° ± 3° (Figure 7.9c).
The difference in the above observed WCA values can be attributed to the
difference in the fabric structures. Visual observations of the fabric 1 and 2 shows that
the fabric 2 has higher roughness than fabric 1 due to the openness of the fabric (see
Figure 7.3). The openness of the yarns (in both warp and weft directions) leads to larger
inter-yarn spaces. In a hydrophobic fabric this larger inter-yarn spacing might lead to
greater entrapment of air within the fabric structure and this might cause the fabric to
show increased levels of hydrophobicity. Thus from the WCA measurements, fabric 2
can be considered to show ultrahydrophobic property as the contact angle is above the
150° mark. Though the error bars are high for these fabrics, such assumptions are
reasonable, considering the fact that the water contact angle measurements is not accurate
for any textile surface that has a high degree of roughness (present in the form of
protruding fibers and also due to the weave pattern). Fabric 1 is observed to be on the
border line of ultrahydrophobicity while the PET microfiber fabric (3) is well below the
ultrahydrophobic border.
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The multilayered PS/PGMA/SILVER/PVP/PGMA system on the PET fabric is also
assumed to have excellent mechanical integrity because the particles did not detach at
high temperature (during PS grafting) or in toluene under ultrasonic treatment.

(b)

(a)

(c)

Figure 7.9: Static water contact angle on the 3 different PET fabrics after silver
nanoparticle modification(a): Fabric 1 with WCA ~ 145°, (b): Fabric 2 with
WCA ~ 160° and (c) Fabric 3 with WCA ~ 132°
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7.4.1.3: Wash test
The wash test provided further information on the durability of the nanoparticle
treatment on the PET fabric. It was found that the average contact angle reduced by
about 5°. The WCA before washing was found to be approximately in the range of 150
to 155°, whereas after washing it varied between 145 to 150°. This showed that the
nanocoating along with the hydrophobic polymer is quite robust and does not loose all its
integrity even after rigorous washing conditions. This study also suggests that there is
still a lot of room to improve the engineering aspects of the “lotus fabric” preparation
methods.
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7.4.2: Silica nanoparticles approach
7.4.2.1: Optimization of surface roughness on silicon wafer

Figure 7.10. SPM topographies of homogeneous rough surfaces
created via silica nanoparticles approach at various dilution rates.
(a) 30 x dilution (b) 50 x dilution and (c) 300 x dilution. Vertical
scales are (a, b) 300 nm and (c) 100 nm

A variety of rough surfaces were created on the model silicon wafer substrate using
different dilutions of the silica nanoparticles of approximately 150 nm size. After the
samples were prepared SPM was used to analyze the RMS roughness values of the
Figure 7.10 shows the SPM topography images after the nanoparticle
135
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Figure 7.11. Plot of water contact angle vs. RMS roughness for a
silicon wafer modified with silica nanoparticles and SEBS polymer.
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modification at different dilutions. Using the SPM software, the RMS values of the
samples prepared at various dilution rates were measured. The WCA was then measured
for all of the samples and the results were plotted against the RMS values. The data
shown in Figure 7.11 identified the RMS values that give the highest WCA. For nanolevel roughness, this RMS value was chosen as the optimum value to show
ultrahydrophobic property when applied on fabric. As observed in Figure 7.11, the
optimum RMS value was found to be around 40 to 50 nm and corresponds to the 30-50
times dilution range.
7.4.2.2: PET lotus fabrics obtained from silica nanoparticle approach
The three PET fabric types (335, 122 gsm fabric and also PET microfiber fabric)
were then treated using the optimized procedure described above and the apparent WCA
measurements after the modification are shown in Figure 7.12. The 335 gsm fabrics
showed a

WCA of 150° ± 5° suggesting that the fabric is of borderline

ultrahydrophobicity, the 122 gsm fabrics showed ultrahydrophobicity with contact angles
well above 150° with a WCA at 165o. In the case of the PET microfiber fabric, the WCA
was observed to be ca. 135° ± 3°. This implies that the roughness of the fabric 3
(microfiber fabric) did not, in combination with the nano-rough surface modified
fibers/fabric, contribute sufficiently to achieve ultrahydrophobicity. Figure 7.13, shows
the adsorption of the silica nanoparticles on the PET fiber surfaces on fabric 1.
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(a)

(b)

(c)

Figure 7.12: Water contact angles on the 3 different PET fabrics after silica
nanoparticle modification(a): Fabric 1 with WCA ~ 150°, (b): Fabric 2 with
WCA ~ 165° and (c) Fabric 3 with WCA ~ 135°.

(a)

(b)

10 µm

5 µm

Figure 7.13. Silica nanoparticles (100 nm) adsorbed on the PET
fiber surface of fabric 1. (a) 5k and (b) 10k magnifications.
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7.4.2.3: Evaluation of fabric properties after nanoparticle modification
The silica nanoparticles approach (the nanoparticles with size about 100 nm) was
selected for post treatment fabric analysis due to the fact that silver and silica
nanoparticles produced similar results with respect to hydrophobicity and given that silica
nanoparticles are cheaper than silver nanoparticles. However, the CaCO3 nanoparticles
approach was not used for in this study due to the formation of nanoparticle aggregates.
Only fabric 2 was chosen for the study since this fabric produced the ultrahydrophobic
effect regardless of the nanoparticle approach. Though PS was used as the hydrophobic
component in the multi-step approach described earlier, SEBS polymer was used for
these studies. The choice of SEBS polymer over PS offered two advantages. SEBS is
more hydrophobic than PS and is also less stiff than PS due to its elastic properties. The
adsorption of nanoparticles on the fiber surface may change the hand value of the fabric.
In order to estimate if any deterioration of the fabric properties occurs by nanoparticle
treatments the following ASTM standard textile methods were performed; air
permeability test, water penetration through the fabric using a hydrostatic head test. Any
changes in the tensile properties of the fabric before and after modification were
measured by a strip tensile test.
7.4.2.4: Air permeability test
ASTM test method D-737 was used for this study. Control PET fabrics “as is”
(Control 1), PET fabric after cleaning to remove fabric finishes before the modification
(Control 2), cleaned PET fabric with polymer (SEBS) coating only (Control 3), and the
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PET fabric after modifying with nanoparticles and polymer coating (Nanocoated fabric)
were tested. It was found that all the above fabrics recorded an air permeability reading
of 15 cfm with no significant changes in the reading when tested repeatedly. This shows
that the air permeability of the fabric did not deteriorate after the modification.

Resistance to water penetration, mbar

7.4.2.5: Hydrostatic pressure test

13
12
11
10
9
8
Control 1

Control 2

Control 3 Nanocoated Fabric

Fabric Sample

Figure 7.14: Hydrostatic pressure results of the fabric samples.

10 µm

AATCC test method 127-1998 was used for this study. It was found that the fabric
coated with hydrophobic polymer only (Control 3) and the fabric after the modification
with nanoparticle and polymer coating (Nanocoated fabric) showed increased resistance
to water penetration as compared to the other fabric samples (see Figure 7.14). It was
interesting to find that the PET fabric with only hydrophobic polymer coating (Control 3
had a WCA of about 130°) showed increase in resistance to that of the fabric modified
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with both nanoparticle and hydrophobic polymer coating (nanocoated fabric has a WCA
greater than 150°). This might suggest that the increase in roughness in the latter fabric
due to the presence of nanoparticles might cause the decrease in the resistance to allow
the water flow through the fabric. In other words, ultrahydrophobic material promotes
the flow of water through the fabric structure whereas just a hydrophobic material shows
increased resistance to the flow of water through the fabric structure.
7.4.2.6: Strip test
ASTM test method D-5035 was used for this study. Fabric strength was analyzed
using the strip test. 1” x 6” samples were cut for each of the fabrics described above
(control 1, 2, 3 and nanocoated fabric). Both the warp and weft direction were tested for
all of the above fabric samples. There were no significant changes in the breaking
strength (measure in lbf) and % elongation for both the warp and weft direction measured
for all the above fabric samples. This shows that the fabric strength did not deteriorate
after the nanoparticle modification.
7.4.2.7: Stiffness test
ASTM test method D-1388 was used for this study using a cantilever bending tester.
The average bending length for the control samples 1,and 2 in the warp direction was
about 4.3 cm, whereas the sample coated with hydrophobic polymer (SEBS) only and the
nanocoated fabrics (both nanoparticles and SEBS polymer) in the warp direction showed
an average bending length of about 8.6 cm. It can be noticed that the bending length has
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almost doubled after the modification. This implies that the fabric is stiffer than the
control fabrics before modification. The increase in the stiffness can be accounted for the
presence of the hydrophobic polymer coating and the nanoparticles.
7.4.2.8: Wash test
AATCC test method 124-1996 was used for this study. The wash test provided
further information on the durability of the nanoparticle treatment on the PET fabric. It
was found that the average contact angle reduced by approximately 5°. The WCA before
washing was found to be around 150 to 155°, whereas after washing it varied between
145 to 150°. This showed that the nanocoating along with the hydrophobic polymer is
quite robust and does not loose all its integrity even after rigorous washing conditions.
But this study also suggests that there is still a lot of room to improve the engineering
aspects of the “lotus fabric” preparation methods.
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7.5: Conclusions
The experimental methods to create a rough hydrophobic surface that could lead
to ultrahydrophobicity using a hydrophobic polymer/nanoparticle system have been
discussed.

The use of nanoparticles in the modification system made the fabric

somewhat stiffer and this fact should also be given enough consideration if these textile
materials were to be used for certain apparel items.

Although all of the fabric

constructions showed increased water repellency with the treatments, not every fabric
showed “ultrahydrophobic properties”. What is clear is that the different nanoparticles
used in this work confirmed the universality of this experimental approach.

Silver

nanoparticles approach were found to be durable (as far as tested) with no particle
aggregation problems. The silica nanoparticles approach also displayed the potential to
create lotus fabrics but these particles did have a tendency to aggregate. For a fabric to
show ultrahydrophobic property using these approaches, it is necessary to have a
roughness component and a hydrophobic component and an appropriate fabric roughness.
In some cases just having the appropriate roughness and the hydrophobic component
might create a lotus fabric without the need of nanoparticles. The appropriate fabric
roughness could be tuned by changing the inter-yarn spacing (both in warp and weft
directions), and this would make an interesting future study in the development of lotus
fabrics.
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CHAPTER 8
FUNCTIONALIZED SILICA NANOPARTICLES APPROACH TO CREATE
ULTRAHYDROPHOBIC MATERIALS

8.1: Introduction
Water and soil repellency have been one of the major targets for fiber and textile
chemists and manufacturers for centuries.

Combinations of new materials for fiber

production with a variety of surface treatments have been developed to reach the condition
of limited wettability. On the other hand, nature has already developed an elegant approach
that combines chemistry and physics to create super-repellant surfaces in the form of lotus
leaves that are unusually water-repellent and keep themselves spotless, since countless
miniature protrusions, coated with water-repellant hydrophobic substance, cover the leaves’
surface.1,2

The “lotus effect” is based on the surface roughness caused by varying

microstructures combined with hydrophobic properties of the wax covering the leaf
surface.

Hydrophobic substrates that are rough on a nanoscale tend to be more

hydrophobic than smooth substrates because of the reduced contact area between the
substrate and the liquid. 3-6 The surface roughness of a fibrous material can be controlled
either by changing the textile structure and/or some physical techniques such as
imprinting/abrasion or by deposition of (nano)fibers or (nano)particles on the material
boundary.
The use of nanotechnology in textile fabrics is attracting a great deal of attraction
due to its numerous potential applications. This is mainly due to the ability to achieve the
desired application just by applying a tropical surface finish without having to alter the bulk
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property of the material. Several of the applications that presently include nanotechnology
in textile finishing7 are water repellency, anti-microbial8,9 and UV blocking10 properties. In
particular the introduction of nanotechnology has paved way for a water repellant fabric to
transition into a self cleaning surface1 created in the form of lotus like ultrahydrophobic
fabric11. It is also conceivable that within the next decade the application of the lotus effect
using nanotechnology could be used to provide a new generation of fabrics with
ultrahydrophobic surfaces12.
The preparation of ultrahydrophobic fibers/fabrics using different approaches that
resemble the “lotus effect” was demonstrated recently.13-22 In this chapter, a novel and
efficient method of replicating the “lotus effect” on a textile surface is reported utilizing a
small amount (per surface area) of non-fluorinated, commercially available polymers and
silica nanoparticles. The use of a fluorescent labelled polymer and nanoparticles, which
enables one to monitor the amount of polymer and nanoparticles attached to the fabric, is
also discussed. The labelling technique provides an efficient way to control the adsorption
in terms of fluorescence measurements and hence serves as an effective tool in the
optimization of the experiemental conditions. Also, this method is aimed to be a universal
ultrahydrophobic coating for fibrous materials, that can be applied to most fabrics to
convert them into extremely water-repellent surfaces. The permanency of the coating is
due to the chemical attachment of the nanoparticles and polymers to the fiber surface. Only
a monolayer of the particles and polymers is deposited in a very controlled manner. The
total thickness of the robust polymer coating is less than 20 nm.

179

8.2: Materials
Polyester fabric (PET)] (Dacron type heat set 122 g/m2 fabric) was obtained from
Test Fabrics (style #703) and used as the textile substrate. Glycidyl methacrylate (GMA)
obtained from Aldrich was polymerized using free radical polymerization to obtain poly
(glycidyl methacrylate) (PGMA) with a Mn of 382,000 and PDI=2.5. Rhodamine B
(RhB), a fluorescent dye, was obtained from Alfa Aesar. Bare silica particles, in the form
of nonporous, spherical beads with hydroxyl surface (diameter = 150±30 nm, density =
1.96 g/cm3), were purchased from Polysciences, Inc. as aqueous suspension. Poly
(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) triblock copolymer available as
Kraton FG1901X was obtained from Kraton Polymers US LLC. Sodium Hydroxide
(NaOH) pellets were obtained from VWR. ACS grade tetrahydrofuran (THF) and methyl
ethyl ketone (MEK) were obtained from VWR and used as received. Highly polished
single-crystal silicon wafers of {100} orientation (Semiconductor Processing Co.) were
used as a model substrate for flat surfaces.

8.3: Experimental
In this section, first, the synthesis of fluorescent labelled PGMA (PGMA-RhB),
followed by silica nanoparticle functionalization with the PGMA-RhB is explained. Then
the preparation of the PET fabric using the alkali treatment (NaOH) is reported, followed
by the illustration of the two-step modification process. In the first step, silica particles
covered with ultrathin PGMA reactive layer, are deposited on the fiber/fabric surface. The
silica particles covered with epoxy functional groups are capable of reacting with the fiber
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surface containing complimentary (e.g. carboxy, hydroxy) functionality and with
hydrophobic polymers possessing the functional groups, which exhibit an affinity for the
epoxy modified surface. During the second step, the hydrophobic SEBS polymer is grafted
to the surface of the fibers/fabrics and nanoparticles, and an ultrathin rough hydrophobic
layer chemically anchored to the fiber boundary is generated.

8.3.1: Silicon wafer and PET fabric preparation
The experimental procedures for the silicon wafer preparation and the polyester fabric
preparation are explained in section 3.4 of chapter 3.

8.3.2: Fluorescence labeling of the PGMA to form PGMA-RhB*
The PGMA polymer was fluorescence labeled with Rhodamine B in MEK
solution (17: 1 RhB to PGMA molar ratio). The reaction was allowed to proceed for 24
hours at 70 °C. The polymer was then purified again by multiple precipitations from
MEK solution using diethyl ether. The attachment of the RhB to the PGMA is expected
to occur due to the reaction between the carboxyl groups present in the RhB and the
available epoxy groups of the PGMA (Figure 8.1). Elemental analysis (Perkin Elmer
2400 Series II CHNS/O Elemental Analyzer) demonstrated that approximately one of
every 300 monomeric units in the PGMA chain reacted with 1 molecule of the rhodamine
dye. The molecular weight of the labeled polymer was measured using Gel Permeation

*

This procedure was first developed by Dr. V. Klep and later optimized by Dr. V.
Tsyalkovsky, both from the School of Materials Science and Engineering at Clemson
University.
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Chromatography (PGMA-RhB, Mn = 402000 g/mol, PDI = 2.2). The amount of the
fluorescent dye attached to the PGMA polymer was also analyzed using a Jobin Yvon
Fluorolog 3-222Tau spectrofluorometer by measuring the fluorescence emission spectra,
in terms of the fluorescent intensity obtained from the PGMA-RhB solution.
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Figure 8.1: Synthesis and fluorescent labeling of the PGMA macromolecular layer to
form PGMA-RhB

8.3.3: Functionalization of silica nanoparticles with PGMA-RhB shell
Functionalization of the silica nanoparticles, shown in Figure 8.2, was performed
using a 5.2 wt. % (initial concentration) of silica particles in water (as received). Bare
silica particles were dispersed in tetrahydrofuran (THF) by adding the aqueous
suspension of the nanoparticles drop-wise to the THF solution under constant
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ultrasonication. Water was completely removed by several centrifuge precipitation and
re-dispersing of the silica nanoparticle in THF. Thus, a stable colloidal suspension of the
particles in THF (approximately 1 wt. %) was obtained. The THF suspension containing
the bare particles was injected drop-wise into 24 ml of 3 wt. % PGMA-RhB solution in
THF under ultrasonication. The mixture was sonicated for 1 hour and then the solvent
was rotary-evaporated under a nitrogen stream. The residual was annealed in
vacuum/nitrogen condition in oil bath preheated to 60 °C for 15 min. The particles were
then re-dispersed in THF and purified. The purification process was repeated four times
to remove any ungrafted polymer from the nanoparticles (process employs a
centrifugation step for the isolation of nanoparticles and ultrasound for re-dispersing in
the THF solution).

The thickness of the PGMA-RhB grafted layer on the silica

nanoparticle was measured using atomic force microscopy (Dimension 3100 microscope
from Digital Instruments) by depositing a diluted solution of the functionalized
nanoparticle onto a clean silicon wafer.
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Figure 8.2: Functionalization of the silica nanoparticles with fluorescent labeled PGMA.
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8.3.4: Preparation of the Polyester (PET) fabric
The PET fabric was initially rinsed in several solvents (water, acetone, toluene,
ethanol and final rinsing with water) to remove any finishes and other contaminants. The
cleaned textile material was then subjected to a generally accepted hydrolysis procedure
to increase the reactivity of a polyester fabric12,13, by treating the fabric with a 40%
sodium hydroxide solution for 2 minutes at room temperature. This process hydrolyzes
PET and forms additional carboxyl and hydroxyl groups on the fiber surface. The fabric
was then thoroughly rinsed in de-ionized water for approximately 1 hour to remove all
the residuals, and then dried in an oven at 80°C until constant weight.

8.3.5: Attachment of the fluorescent silica nanoparticles to PET fabric
The fabric was treated with the PGMA-RhB modified nanoparticle suspension to
attach both the anchoring layer (PGMA-RhB) and the nanoparticles in one step as shown in
Figure 8.3. The hydrolyzed fabric was immersed under constant stirring in a suspension of
the epoxydized silica nanoparticles at 50°C for 3 hours.

The concentration of the

nanoparticle suspension was varied from 0.03 wt % to 0.5 wt % in THF, to regulate the
nanoparticle concentration attached to the fabric. After the treatment, the PET fabric was
thoroughly rinsed in THF, under constant ultrasonication, to remove unattached particles
from the fibers. The attachment of the fluorescent nanoparticles to the fabric was later
verified from fluorescent intensity measurements. The uniformity and the surface coverage
of the nanoparticle attached to the fabric were also verified using both a fluorescent
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microscope (Olympus MVX) and an FE-SEM (Hitachi S4800). The FE-SEM results were
also used to quantify the amount of nanoparticles attached to the fabric (per m2).

8.3.6: Hydrophobic polymer (SEBS) attachment to the nanoparticle covered PET
fabric
SEBS tri-block copolymer was used to generate an ultrathin hydrophobic coating
on the fiber surface. The polymer contained ~29 wt% of styrene and 1.4 wt% of reactive
maleic anhydride (MA) groups. The block copolymer was reported to have Mn=41,000
g/mol, Mw/Mn=1.16, and Rg = 6.3 nm, where Rg is the radius of gyration of SEBS
macromolecules.14 The 1.4 % MA groups present in the SEBS introduce the anhydride
functionality to the polymer which is capable of crosslinking. A thin film of SEBS was
deposited on the PET fabric covered with the epoxidized silica nanoparticle via dip
coating from 1 wt % SEBS solution in toluene under constant ultrasonication. The fabric
was annealed at 150 °C for 4 hours and subsequently rinsed in toluene to remove any
unreacted SEBS from the fabric.
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Figure 8.3: Reaction scheme illustrating the attachment of silica nanoparticles and
hydrophobic SEBS polymer to polyester fabric.
8.3.7: Hydrophobicity of the modified PET fabric
The hydrophobicity of these fabrics was examined by static contact angle
measurements using Krüss Goniometer Model DSA10. Contact angle measurements
were performed on the fabrics after each step.

The self-cleaning capability of the

nanoparticle/SEBS modified polyester fabric was also evaluated.
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The fabric under

investigation was covered with hydrophobic powder produced from graphite present in
pencil lead and the fabric was cleaned with continuous droplets of water. To study this
effect, water was dropped from a height of approximately 5 cm onto the fabric placed at a
45° angle.

8.3.8: PET fabric hand evaluation using Kawabata Evaluation System †
The Kawabata Evaluation System (KES) was used to measure the hand
(mechanical) properties of the treated PET fabric and predict the aesthetic qualities
perceived by human touch.15

The KES includes five highly sensitive instruments:

Tensile Tester, Shear Tester, Compression Tester, Bending Tester and Surface
Roughness and Friction Tester. All of these tests were performed to generate sixteen
different mechanical characteristics.16 The standard specimen size of 20 x 20 cm was
used in three replications. Initially the fabric thickness, T (in mm), and the fabric weight
per unit area, W (mg/cm2), for each of the sample were measured. Since the KES system
requires large sample size, the experimental treatments were scaled up and performed in
an ATLAS launder-ometer, Model: LHTP.
Six different PET fabrics exposed to different treatments illustrated in Table 8.1
were used for the study. Fabric 2a and 2b were prepared to evaluate the effect on hand
due to the incorporation of the SEBS polymer. For fabric 3, 4 and 5, the concentration of
the silica nanoparticles used was varied from 0.1 wt % to ~0.05 and ~0.025 wt %.

†

KES testing was performed under the assistance and guidance from Dr.
Radhakrishnaiah Parachuru and his graduate student Mr. Shamal Mhetre, both from the
School of Polymer, Textile and Fiber Engineering, Georgia Institute of Technology.
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FABRIC SAMPLE

TREATMENT

Fabric 1

PET fabric as is

Fabric 2a

PET fabric + PGMA-RhB

Fabric 2b

PET fabric + PGMA-RhB + SEBS

Fabric 3

PET fabric + 0.1 wt %SiO2-PGMA-RhB + SEBS

Fabric 4

PET fabric + 0.05 wt %SiO2-PGMA-RhB + SEBS

Fabric 5

PET fabric + 0.025 wt %SiO2-PGMA-RhB + SEBS

Table 8.1: Listing of the PET fabric treatments for fabric hand evaluation.

8.3.8.1: Determination of the16 characteristic properties of the fabric using KES
The KES-tensile tester measures the stress/strain parameters at the maximum load
of 200 gf/cm and the following four parameters were generated.15,16
1. LT – Linearity of the load extension curve.
2. WT – Tensile energy, gf.cm/cm2 (higher WT corresponds to higher extensibility,
but it should be interpreted in conjunction with LT).
3. RT – Tensile resilience, percent (recovery of deformation from strain).
4. EMT - Extensibility, % strain at maximum load of 200 gf/cm.

The KES shear tester measures the shearing stiffness, which is the ease with
which the yarns/fibers slide against each other resulting in soft/pliable to stiff/rigid
structures and the following three parameters were generated.
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1. G

–

Shear

stiffness,

gf/cm.degree

(higher

G

value

means

greater

stiffness/resistance to the shearing movement).
2. 2HG – Hysteresis of shear force at 0.5 degrees of shear angle, gf/cm.
3. 2HG5 – Hysteresis of the shear force at 5.0 degrees of shear angle, gf/cm.

The KES compression tester measures the compression properties of a 2 cm2 sample
area at 0 to 50gf/cm2 load and the following parameters were generated.
1. LC – Linearity of compression/thickness curve.
2. WC – Compressional energy, gf.cm/cm2 (High WC value corresponds to higher
compressibility).
3. RC – Compressional resilience, percent (High RC value means high percent
recovery from being compressed).
4. EMC – Compressibility at 50 gf/cm2 compared to initial thickness measured at
0.5 gf/cm2, percent (a higher value indicates greater compressibility).

The KES bending tester measures the force required to bend the fabric approximately
150 degrees and the following parameters were generated.
1. B – Bending rigidity per unit fabric width, gf.cm2/cm (higher B value indicates
greater stiffness/resistance to bending).
2. 2HB – Hysteresis of bending momentum, gf.cm/cm.
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The KES surface roughness and friction tester measures the surface properties:
friction (resistance/drag) and surface contour (roughness). The tension applied to the
sample for measurement was 20 gf/cm and the following parameters were generated.
1. MIU – Coefficient of friction, 0 to 1 value (higher MIU corresponds to higher
friction).
2. MMD – Mean deviation of MIU (higher value corresponds to greater variation of
friction).
3. SMD – Geometric roughness, micron (higher value corresponds to a
geometrically rougher surface).
All of the above measurements are directional, except for compression, and are made in
both the warp/lengthwise direction (W) and in the weft/filling/cross direction (F) of the
fabric sample.

8.3.8.2: Fabric Hand value evaluation
One of the important input parameter into the KES system, so it can best correlate
with the human touch of an apparel is the fabric end-use. Therefore, the PET fabric
under study was considered to be most suitable for women’s summer wear (KN 302).
The established equations as per the Kawabata standards for women’s summer wear were
used to calculate both the primary hand and total hand value (THV). The primary hand
values calculated include Koshi (meaning stiffness), Numeri (meaning smoothness) and
Fukurami (meaning fullness and softness). The primary hand was calculated on a scale
of 1 to 10 with 1 representing poor hand and 10 representing excellent hand. Similarly,
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THV was calculated on a scale of 1 to 5 with 1 representing poor hand and 5 representing
excellent hand.
8.4: Results and Discussion
The surface coverage (Γ), the PGMA chain density (Σ) and the surface
concentration of the epoxy groups present on the surface (epoxy groups/nm2 = ΣN, where
N is the degree of polymerization) after each polymer modification step were estimated
as described by Iyer et al.17. Also the results obtained from the optimization studies
performed for the NaOH treatment, PGMA-RhB attachment conditions and its adsorption
time on the PET fabric is discussed.

8.4.1: Thickness estimation of the PGMA-RhB shell attached to the silica
nanoparticle
AFM analysis of the PGMA-RhB covered silica nanoparticles deposited on
silicon wafer (Figure 8.4) demonstrated that the average diameter of the particles is
approximately 157 nm with an average deviation of 11 nm. From this the thickness of
the PGMA-RhB layer was calculated to be approximately 4 nm. Assuming the density of
PGMA to be 1.08 gm/ cm3, the corresponding values of Γ, Σ and the surface
concentration of epoxy groups were calculated to be 4.32 mg/m2, 0.006 chain/nm2 and 18
epoxy groups per nm2, respectively.
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(a)

(b)

Figure 8.4: AFM images (Phase Image) of the bare silica nanoparticles (a) and PGMARhB covered silica nanoparticles (b). Vertical distance is 400 nm.

(d)
8.4.2: Optimization of the NaOH treatment

(f)

Even though the sodium hydroxide treatment hydrolyzes the PET fabric to create
complimentary surface functional groups (-OH, -COOH) on the fiber surface, it can also
promote the degradation of the fabric when used for an extended period of time. Hence it
is essential to optimize the treatment time, which was performed by treating the PET
fabrics with 40 % NaOH for different time periods starting from 2 minutes to 512
minutes. Later, 0.1 wt % PGMA-RhB in THF was adsorbed for 3 hours at 50 °C to the
fabric as the macromolecular anchoring layer. The amount of the polymer attached to the
fabric was monitored by fluorescent spectroscopy measurements. Higher fluorescent
intensity represents higher polymer adsorption on the fiber surface and these
measurements on the fabric after different time periods of the alkali treatment showed
that the intensities increased proportionally with time.
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Figure 8.5a shows that the

amount of PGMA-RhB adsorbed onto the fabric increases, as the treatment time
increases from 2 minutes to 512 minutes. Also it is shown in Figure 8.5b that the
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Figure 8.5: Effect of (a) NaOH treatment and (b) no NaOH treatment on the polyester
fabric
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PGMA-RhB adsorbed on the fabric can still be increased proportionally to the PGMARhB adsorption time, even without the alkali treatment.

However, the amount of

polymer adsorbed on the fabric is significantly lower than those adsorbed to the fabric
that underwent the hydrolysis treatment. Hence, it was concluded that a certain amount
of NaOH treatment was necessary to get a substantial amount of polymer to be adsorbed
onto the fabric.
In order to determine the exact treatment time, the SEM images obtained from the
fabric after the treatment was observed. From Figure 8.6, it can be observed that the
fabric after the 2 minute NaOH treatment showed no degradation to the PET fibers
whereas after 512 minute treatment a significant amount of degradation in the form of
cracks on the fiber surface were observed. Therefore, based on the results obtained from
both the fluorescent measurements and the SEM analysis, and to minimize the fiber
degradation, the 2 minute NaOH treatment was selected to be used for further studies.

(a)

(b)

10 µm

20 µm

Figure.8.6: SEM micrographs of the PET fabric after (a) 2 minutes and (b) 512 minutes
NaOH treatment.
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8.4.3: Optimization of the adsorption time and temperature of PGMA-RhB attached
to the PET fabric
After optimizing the conditions for the hydrolysis procedure, the anchoring
polymer layer attachment was optimized. This was performed in order to minimize the
amount of polymer attached to the fabric and hence reduce the negative effect on the
fabric hand.

When the surface modification of fibrous substrates with polymers is

targeted in the order of nanometers, fluorescent labeling of the polymer and the
adsorption of the polymer to the fiber surface results in a unique and an easy way of
quantifying the amount of polymer attached to the substrate. Hence this study was
performed to verify if this procedure could be effective in quantifying the amount of
polymer attached to the fabric.
The optimization procedure was performed by immersing the fabric in 0.1 wt%
PGMA-RhB in THF solution for different time periods at two temperatures, 35 °C and 50
°C, respectively. After the polymer adsorption, the fabric was thoroughly washed in THF
under constant ultrasonication, followed by fluorescent intensity measurement of the
fabric to determine the amount of polymer adsorbed. Later the hydrophobic SEBS
polymer (1 wt % in toluene solution) was grafted onto the fabric followed by WCA
measurements.

These results, along with the fluorescent intensities, were used to

optimize the adsorption time of PGMA-RhB to the PET fabric.
Figure 8.7 and Figure 8.8 indicate that the amount of PGMA-RhB polymer
adsorbed increases proportionally to the adsorption time. As the temperature is increased
from 35 °C to 50 °C, the amount of polymer adsorbed also increases significantly. The
increase in temperature results in the decrease of adsorption time. The reaction time was
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selected to be at 50 °C at an adsorption time of 3 hours. The 3 hour adsorption time was
chosen because it gives the same amount of hydrophobicity (WCA studies) as the 8 hour
treatment (Table 8.2). Thus, the fluorescent labeling of the polymer enabled to monitor
the amount of polymer adsorbed to the fabric and optimize the polymer adsorption.
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Figure 8.7: Effect of adsorption time of PGMA-RhB on PET fabric at 35 °C.
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Figure 8.8: Effect of adsorption time of PGMA-RhB on PET fabric at 50 °C.

PGMA-RhB
adsorption time in
hours

WCA of SEBS grafted
PET fabric exposed to
PGMA-RhB at 50°C

0.5

135 ± 4°

2.0

140 ± 4°

3.0

142 ± 4°

4.0

140 ± 6°

6.0

139 ± 3°

8.0

140 ± 2°

Table.8.2: WCA of the SEBS grafted PET fabrics treated with different adsorption times
of the PGMA-RhB at 50 °C.
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8.4.4: Predicting the PGMA-RhB polymer adsorption to the fabric at equilibrium
conditions using Langmuir-like isotherms
Langmuir-like isotherms18 were used to model the polymer adsorption at
equilibrium conditions, by plotting the experimental results obtained for the polymer
adsorption at 50 °C in terms of the maximum fluorescent intensity against the adsorption
times. The adsorption curve was fitted using an exponential model equation as shown in
Figure 8.9. The equation used to fit the curve was in the form of the Equation 8.7 that
was obtained from modifying the equation (Equation 8.1) predicted by Hobden and
Jellinek,19
dG P
= K (G P∞ − G P )
dt

(8.1)

where GP is the amount of polymer adsorbed (in terms of fluorescent intensity) at time
‘t’; GP∞ is the equilibrium amount of the adsorbed polymer ( in terms of fluorescent
intensity), and ‘K’ is the rate constant, which depends on the concentration of the solution
and on the temperature.
Re-arranging and Integrating equation 8.1 we obtain,

∫G

dG P
= ∫ Kdt + C
P∞ − G P

(8.2)

Equation 8.2 becomes,
⎛
1
log⎜⎜
⎝ G P∞ − G P
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⎞
⎟⎟ = Kt + C
⎠

(8.3)

Applying exponential power,

e

⎛
1
log ⎜⎜
G
⎝ P∞ −GP

⎞
⎟⎟
⎠

= e Kt + C

(8.4)

Therefore,

⎛
⎞ Kt c
1
⎜⎜
⎟⎟ = e .e = C ' e Kt
⎝ GP∞ − GP ⎠

(8.5)

(GP∞ − GP ) = C ''e− Kt

(8.6)

Taking reciprocal,

Re-arranging equation 8.6, we get,

GP = GP∞ − C.e − Kt

(8.7)

Curve fitting the plot in Figure 8.9 using Equation 8.7, the values of ‘GP∞’ and
‘K’ were found to be 7.8 x 107 a.u and 3.8 x 10-3, respectively. This shows that the
adsorption times studied here were near to equilibrium conditions and, further, this model
could be used to predict the equilibrium conditions of polymer adsorption on fabric
surfaces. Though a detailed investigation might be required to confirm the polymer
adsorption on fabrics, this could be used as a model to estimate the amount of polymer
attached to the fabric substrate.
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Figure.8.9: Construction of Langmuir like isotherm for the adsorption of PGMA-RhB at
50 °C to PET fabric (polymer adsorption measured in terms of fluorescent intensity).

8.4.5: Optimization of the fluorescent silica nanoparticle concentration attached to
the PET fabric
The concentration of the fluorescent silica nanoparticle used for the atttachment of
the nanoparticles to the fabric was varied from 0.03 wt % to 0.5 wt %. Increasing the
concentration of the nanoparticle promoted the attachment of the particles to the fabric.
The attachment of the nanoparticles to the fabric was monitored using fluorescent emission
spectra (SpexFluorolog-2 spectrometer). A strong fluorescent signal was observed from
the fabric, confirming deposition of the reactive nanoparticles and the signal increased with
concentration as shown in Figure 8.10. Observation of the fabric under a fluorescent
microscope (Olympus MVX) demonstrated that all fibers were evenly covered with the
nanoparticles as shown in Figure 8.11.
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Figure.8.10: Effect of concentration on the adsorption of the silica nanoparticle covered
with PGMA-RhB on the polyester fabric at 50 °C.

Figure.8.11: Fluorescent microscopy images of the PET fabric after (a) control PET
fabric without silica nanoparticles covered with fluorescent PGMA and (b) PET fabric
covered with 0.5 wt % silica nanoparticles covered with fluorescent PGMA.
(a)

(b)
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SEM study also verified the uniform distribution of the nanoparticles on the fiber
surface, as shown in Figure 8.12. It was observed that the 0.03 wt % concentration
showed minimal surface coverage of the nanoparticles on the fiber whereas the other
concentrations (0.1 and 0.5 wt %) showed good surface coverage. Besides the coverage
and evenness, the SEM analysis also verified the presence of a monolayer of the
nanoparticles on the fiber surface with very little aggregation. The aggregation was
mostly observed between the fibers because of the fabric’s ability to trap the
nanoparticles physically at this location. In addition, particles were removed from some
areas during handling before the deposition of the SEBS layer, and this caused some
defects in the nanoparticle layer.

8.4.6: SEBS grafting to PGMA coated on Silicon Wafer
In a model experiment, the thickness of the PGMA layer on the silicon wafer was
measured to be 3 ± 0.1 nm. Assuming the density of PGMA to be 1.08 gm/ cm3, the
corresponding values of Γ, Σ and the surface concentration of epoxy groups were
calculated to be 3.24 mg/m2, 0.0067 chain/nm2 and 14 epoxy groups per nm2, respectively.
The PGMA covered silicon wafer was then dip coated into a 1% SEBS solution prepared in
toluene. After the dip coating, the wafer was annealed at 150 °C for 4 hours and later
followed by several rinses of the wafer in toluene to remove any ungrafted polymer from
the surface. The thickness of the SEBS layer was measured to be 10 ± 1.6 nm. Assuming
the density of SEBS to be 0.905 gm/ cm3 (provided by the supplier), the corresponding
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values of Γ and Σ were calculated to be 9.05 mg/m2 and 0.13 chain/nm2 respectively. The
contact angle after the SEBS grafting was measured to be 100 ± 2°

(c)

(b)

(a)

50 µm

5 µm
(e)

(d)

(f)

50 µm

2 µm
(h)

(g)

10 µm

10 µm
(i)

50 µm

10 µm

5 µm

Figure 8.12: SEM micrographs showing the attachment of PGMA-RhB covered silica
nanoparticles to the PET fabric. (a), (d), (g) and (b), (e), (f) are low and high
magnifications respectively of the fabric after modifying the fabric with the
functionalized silica nanoparticles. (c), (f) and (i) are micrographs obtained after grafting
SEBS polymer. (a, (b) & (c), (d), (e) & (f) and (g), (h) & (i) are prepared from 0.5, 0.1
and 0.03 weight % suspensions of the functionalized silica nanoparticles in THF.
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8.4.7: SEBS grafting to PET film coated on Silicon Wafer
Another model experiment on a silicon wafer was carried out in order to
characterize the thickness of the polymer layer attached to the fabric and also to estimate
the level of PET etching after the NaOH treatment. A cleaned silicon wafer was dipcoated
into a 1.5 % polyester solution prepared in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP). The
polyester film (PET) was annealed at 140 °C for 2 hours and the thickness of the polyester
film was measured to be 53 ± 0.5 nm. The PET film was then subjected to an alkali
treatment (40 % NaOH for 2 minutes at room temperature) to generate hydroxyl and
carboxylate end groups. The thickness of the PET film after the alkali treatment was found
to 52 ± 0.2 nm suggesting a decrease in thickness of approximately less than 1 nm as
compared to the PET film before the alkali treatment. The PET film coated on the silicon
wafer was then dipcoated into a 1% SEBS solution prepared in toluene. After the dip
coating, the wafer was annealed at 150 °C for 4 hours and later followed by several rinses
of the wafer in toluene to remove any ungrafted polymer from the surface.
The thickness of the SEBS layer was measured to be 12 ± 4 nm. Assuming the
density of SEBS to be 0.905 gm/ cm3 (provided by the supplier), the corresponding values
of Γ and Σ were calculated to be 10.86 mg/m2 and 0.16 chain/nm2 respectively. Hence, a
very small amount of the hydrophobic polymer was grafted to the surface. However, it was
sufficient to create a highly hydrophobic coating as observed from the contact angle
measurements. The thickness of the chemically anchored SEBS layer to the treated PET
film was found to be 12 ± 4 nm. The thickness was close to 2Rg for the macromolecule.
Therefore, it is reasonable to assume that a monolayer of the SEBS polymer was grafted to
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the surface. In a parallel experiment the SEBS layer deposited on PET film was not
annealed at 150 °C. In this case, where the reaction between maleic anhydride and
hydroxyl groups on the polyester surface did not occur, the SEBS layer was removed from
the substrate by the treatment with toluene.

8.4.8: Hydrophobic polymer (SEBS) attachment to the nanoparticle covered PET
fabric
The reaction between the unreacted epoxy groups of the nanoparticles and the
MA groups present in SEBS promoted the attachment of the polymer to the particles.
Additionally, SEBS is believed to be reacted with the multiple hydroxyl groups created
on the boundary of PET fibers by NaOH treatment and hence grafted to the fiber surface
between the particles.20 Indeed, in the SEBS/ nanoparticles /polyester system, the most
common anchoring reactions such as the reaction between epoxy and carboxy
functionalities, between epoxy and maleic anhydride, and between maleic anhydride and
hydroxyl functionalities are realized. All these reactions produce ester functional groups.
To confirm the reaction an additional IR or other instrumental evidence for the covalent
bonding was considered. But it was realized that this would be impossible employing
modern analytical chemistry due to the huge concentration of the ester groups that is
already present in the PET substrate.

It is also important to note that the surface

concentration of the ester groups obtained as a result of the surface modification is on the
order on nano-grams per cm2.
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8.4.9: Hydrophobicity measurements using Water Contact Angle studies
The water contact angles, WCA for the substrates covered with the grafted SEBS
layer was 99 ± 5° and was significantly higher than the values of 45° obtained on the PET
film deposited on the silicon wafer and 60° after attaching PGMA polymer on top of the
PET film obtained for the substrates. It is necessary to note that the water contact angle for
a thick SEBS film attached directly to the wafer surface is 100± 2°. Therefore, the results
obtained indicated that the surface was completely screened from water by the grafted layer
ensuring the presence of SEBS on the surface once the grafting was established

(a)

(c)

(b)

Figure 8.13: WCA of the PET fabric after different treatments: (a) PET fabric “ as is “
before nanoparticle modification (125 ± 4°) (b) PET fabric after nanoparticle modification
and SEBS grafting (161 ± 4°) and (c) PET fabric grafted with SEBS polymer only ( 140 ±
3°)
The water repellency of the PET fabric after different treatments is shown in Figure
8.13. The WCA on the PET fabric as is was found to be 125° and deposition of the SEBS
monolayer on the fiber surface increased the WCA from 125 to 140°. WCA increases
significantly and crosses the ultrahydrophobic boundary (WCA >150°) for the fabric
subjected to nanoparticle deposition and SEBS grafting. The increase in WCA is attributed
to the introduction of the double roughness with the initial roughness due to the inherent
fabric structure and the second from the nanoparticle deposition. As proposed by Patankar,
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a double roughness profile provides the appropriate geometry to develop ultrahydrophobic,
self-cleaning surfaces.21

8.4.10: Self cleaning ability of the ultrahydrophobic PET fabric
Graphite particulates were deposited on the fabric and the self-cleaning effect of the
fabric was studied by exposing it to a continuous stream of water droplets. The droplets
rolled over the textile material, collected the powder, and cleaned the fabric. Figure 8.14
shows that the hydrophobic particles stuck to the water droplets. The observed selfcleaning effect is similar to the “lotus effect”. Indeed, the contact area between the graphite
particles and the fabric was significantly reduced as well as the contact area between the
water droplet and the fabric. Also, the interaction between the droplet and the graphite was
sufficient to overcome the low adhesion between the fabric and the powder particulates.

(a)

(b)

(c)

2 mm

2 mm

2 mm

Figure.8.14: Self-cleaning ability shown by the removal of graphite from the fabric
using a water droplet. (a) fabric with graphite, (b) graphite sticking to the water droplet
and (c) cleaned fabric.

(e)
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8.4.11: PET fabric hand evaluation using KES
The results obtained for each of the fabric treatments for 3 repetitions are listed in
Table 8.3, 8.4, 8.5, 8.6, 8.7 and 8.8. In addition the thickness and the weight of these
fabrics were measured and all the results were averaged and are shown in Table 8.9.
From these results, it was observed that the tensile, compression, surface and friction
properties of the fabrics did not significantly change due to different treatments.
However, it was found that the shear properties changed moderately while the bending
properties showed significant change.

8.4.11.1: Primary and Total Hand Value
Based on the results in Table 8.9, the Koshi, Numeri, Fukurami and THV were
computed and is shown in Table 8.10. It can be observed that the fabric stiffness,
computed in terms of Koshi, increases as the fabric is exposed to different treatments.
Simultaneously the fabric smoothness and fullness and softness computed in terms of
Numeri and Fukurami, decreases after these treatments. Initially when the fabric (#2a)
was just treated with PGMA, all of the primary hand (Koshi, Numeri, and Fukurami) did
not significantly change. But as the fabric is further treated with SEBS (#2b), the
primary hand changes, with Koshi increasing, while the Numeri and Fukurami decreases.
These results were further enhanced as the fabric (#3) was treated with 0.1 wt% silica
nanoparticles covered with PGMA and SEBS. Fabric #4 and #5 also showed similar
results as fabric #3 but all of these primary hand values were slightly lower because of
the lower concentration of the nanoparticle.
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The THV decreased from approximately 2.6 to 2.3 to 2.1 after PGMA and SEBS
treatment to the unmodified PET fabric. This indicates that the hand of the fabric was
slightly decreased by the introduction of PGMA and further decreased by SEBS. The
introduction of nanoparticles to the fabric (#3) indicated that the hand further decreased to
approximately 2.0. In summary, though this study shows that the hand value decreased, it
did not drop significantly. This suggests that the deteriorations incurred by the fabric can
still be compromised for the additional benefits that come as a result of these treatments.
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Sample #1
Repeat 1
Parameter
Warp
Weft
TENSILE
LT (-)
2.784
1.647
WT (g.cm/cm2)
18.65
10.95
RT (%)
5.63
28.77
BENDING
B(g.cm2/cm)
0.0901
0.0322
2HB (g. cm/cm)
0.0806
0.0306
SHEAR
G ( g/cm.deg)
0.64
0.49
2HG (g/cm)
1.33
0.6
2HG5 (g/cm)
2.3
1.75
SURFACE &
FRICTION
MIU (-)
0.202
0.212
MMD (-)
0.0906
0.0819
SMD (µm)
4.305
2.82
(Not Directional)
COMPRESSION
LC (-)
0.275
0.261
WC (g.cm/cm2)
0.22
0.209
RC (%)
50.91
52.63

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

2.196
6.15
25.2

2.303
17.85
18.21

1.757
4.7
35.11

1.284
7.45
44.97

0.0935
0.0841

0.0237
0.0266

0.1081
0.0986

0.0276
0.0318

0.64
1.38
2.3

0.67
1.45
2.58

0.67
1.18
2.68

0.52
0.6
1.9

0.205
0.1065
4.27

0.204
0.0938
6.825

0.192
0.0286
11.3

0.211
0.0572
8.725

0.264
0.207
57

0.288
0.217
57.6

0.266
0.234
53.42

0.276
0.228
56.14

Table 8.3: Determination of the characteristic properties of ‘as is ‘PET fabric.
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Sample #2a
Repeat 1
Parameter
Warp
Weft
TENSILE
LT (-)
1.265
1.264
2
WT (g.cm/cm )
3.7
8.25
RT (%)
52.7
49.09
BENDING
B(g.cm2/cm)
0.0608
0.0218
2HB (g. cm/cm)
0.0382
0.0123
SHEAR
G ( g/cm.deg)
0.56
0.46
2HG (g/cm)
1.5
0.98
2HG5 (g/cm)
2.5
1.7
SURFACE &
FRICTION
MIU (-)
0.183
0.19
MMD (-)
0.0446
0.0415
SMD (µm)
4.56
7.925
(Not Directional)
COMPRESSION
LC (-)
0.248
0.259
2
WC (g.cm/cm )
0.188
0.213
RC (%)
42.55
42.72

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

1.554
4.35
48.28

1.346
7.3
54.79

1.538
4.5
44.44

1.238
7.4
52.03

0.0554
0.0415

0.0215
0.0119

0.0769
0.0606

0.0239
0.018

0.53
1.48
2.35

0.52
1.25
2.08

0.6
1.45
2.5

0.57
1.15
2.1

0.194
0.0677
3.48

0.193
0.0359
7.395

0.204
0.0831
8.325

0.184
0.0338
3.62

0.27
0.204
43.63

0.274
0.249
47.39

0.27
0.247
44.13

0.245
0.221
51.58

Table 8.4: Determination of the characteristic properties of PET fabric after
PGMA treatment.
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Sample #2b
Parameter
TENSILE
LT (-)
WT (g.cm/cm2)
RT (%)
BENDING
B(g.cm2/cm)
2HB (g. cm/cm)
SHEAR
G ( g/cm.deg)
2HG (g/cm)
2HG5 (g/cm)
SURFACE &
FRICTION
MIU (-)
MMD (-)
SMD (µm)
COMPRESSION
LC (-)
WC (g.cm/cm2)
RC (%)

Repeat 1
Warp
Weft

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

2.063
4.9
42.86

1.419
8.3
55.42

2.079
3.95
56.96

1.419
7.45
57.72

1.695
4.45
50.56

1.458
9.15
51.37

0.6088
0.2406

0.1123
0.0742

0.6066
0.3332

0.1125
0.0683

0.5544
0.3629

0.0857
0.0782

0.63
0.58
1.88

0.49
0.3
1.3

0.37
0.2
1.08

0.41
0.25
1.13

0.63
0.53
2.2

0.53
0.55
1.88

0.197
0.171
0.1104
0.1058
11.79
7.325
(Not Directional)
0.239
0.243
0.19
0.199
52.63
55.28

0.173
0.0382
11.36

0.2
0.0896
6.87

0.222
0.1338
8.99

0.232
0.0608
4.02

0.264
0.244
53.69

0.228
0.247
61.94

0.263
0.22
68.64

0.268
0.289
50.87

Table 8.5: Determination of the characteristic properties of PET fabric after
PGMA and SEBS treatment.
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Sample #3
Parameter
TENSILE
LT (-)
WT (g.cm/cm2)
RT (%)
BENDING
B(g.cm2/cm)
2HB (g. cm/cm)
SHEAR
G ( g/cm.deg)
2HG (g/cm)
2HG5 (g/cm)
SURFACE &
FRICTION
MIU (-)
MMD (-)
SMD (µm)
COMPRESSION
LC (-)
WC (g.cm/cm2)
RC (%)

Repeat 1
Warp
Weft

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

1.673
4.1
53.66

1.939
11.1
42.79

2.184
4.15
50.6

1.447
8.9
49.44

1.644
3.7
54.05

1.239
7.25
55.86

0.5493
0.3282

0.121
0.0891

0.5727
0.2667

0.1159
0.0602

0.5076
0.2928

0.1015
0.0725

0.67
0.45
3.15

0.59
0.28
2.55

0.64
0.43
2.9

1.12
1.45
4.48

0.82
1.13
3.38

0.73
0.93
2.93

0.235
0.147
7.55

0.207
0.0859
4.365

0.254
0.1424
8.34

0.213
0.0819
6.3

0.202
0.122
12.385

0.228
0.0971
7.81

0.322
0.281
60.5

0.333
0.293
58.02

0.304
0.334
52.99

0.271
0.235
52.34

0.227
0.24
57.92

0.258
0.238
50.42

Table 8.6: Determination of the characteristic properties of PET fabric after 0.1
wt% PGMA covered nanoparticle and SEBS treatment.
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Sample #4
Parameter
TENSILE
LT (-)
WT (g.cm/cm2)
RT (%)
BENDING
B(g.cm2/cm)
2HB (g. cm/cm)
SHEAR
G ( g/cm.deg)
2HG (g/cm)
2HG5 (g/cm)
SURFACE &
FRICTION
MIU (-)
MMD (-)
SMD (µm)
COMPRESSION
LC (-)
WC (g.cm/cm2)
RC (%)

Repeat 1
Warp
Weft

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

1.765
3.75
50.67

1.709
11.15
43.5

1.904
3.95
49.37

1.629
9.45
44.97

1.689
3.8
52.63

1.386
8.7
50

0.5786
0.3332

0.0779
0.072

0.4741
0.3332

0.0832
0.0812

0.3929
0.2893

0.0781
0.07

0.56
0.35
2.45

0.74
0.58
3.5

0.78
0.93
3.6

0.62
0.5
2.85

0.87
0.85
4.23

0.44
0.25
1.98

0.256
0.25
0.1459
0.0838
5.82
2.79
(Not Directional)
0.251
0.25
0.28
0.233
40
39.48

0.228
0.0823
11.925

0.234
0.0804
5.525

0.245
0.1234
7.925

0.209
0.0938
8.185

0.266
0.261
42.15

0.188
0.156
58.33

0.24
0.179
42.46

0.261
0.148
43.24

Table 8.7: Determination of the characteristic properties of PET fabric after
~0.05 wt% PGMA covered nanoparticle and SEBS treatment
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Sample #5
Repeat 1
Parameter
Warp
Weft
TENSILE
LT (-)
1.393
1.268
WT (g.cm/cm2)
3.9
8.05
RT (%)
57.69
56.52
BENDING
B(g.cm2/cm)
0.3253
0.0764
2HB (g. cm/cm)
0.2573
0.07
SHEAR
G ( g/cm.deg)
0.76
0.7
2HG (g/cm)
0.8
0.98
2HG5 (g/cm)
2.85
2.75
SURFACE &
FRICTION
MIU (-)
0.184
0.194
MMD (-)
0.062
0.1164
SMD (µm)
7.455
8.35
(Not Directional)
COMPRESSION
LC (-)
0.274
0.259
2
WC (g.cm/cm )
0.276
0.3
RC (%)
48.55
47.33

Repeat 2
Warp
Weft

Repeat 3
Warp
Weft

1.518
5.2
43.27

1.447
7.85
55.41

1.57
3.65
53.42

1.537
7.3
58.22

0.2606
0.1928

0.0935
0.0632

0.2474
0.1932

0.0854
0.0657

0.68
0.55
2.85

0.69
0.65
2.35

0.72
0.65
3.13

0.93
0.88
3.6

0.2
0.0685
10.82

0.197
0.1138
3.965

0.27
0.1489
11.59

0.213
0.0886
7.89

0.296
0.272
49.26

0.26
0.265
54.72

0.357
0.272
41.18

0.271
0.265
55.09

Table 8.8: Determination of the characteristic properties of PET fabric after
~0.025 wt% PGMA covered nanoparticle and SEBS treatment.

215

Sample
Parameter
TENSILE
LT (-)
WT (g.cm/cm2)
RT (%)
BENDING
B(g.cm2/cm)
2HB (g. cm/cm)
SHEAR
G ( g/cm.deg)
2HG (g/cm)
2HG5 (g/cm)
SURFACE &
FRICTION
MIU (-)
MMD (-)
SMD (µm)
COMPRESSION
LC (-)
WC (g.cm/cm2)
RC (%)
T&W
T (mm)
W (mg/cm2)

#1

#2a

#2b

#3

#4

#5

1.8224
9.6375
29.885

1.4273
5.7857
49.3329

1.7136
6.5438
51.455

1.6877
6.5333
51.0667

1.6986
6.5438
49.7275

1.5056
5.9625
53.78

0.069
0.0608

0.0468
0.0329

0.3388
0.1956

0.3355
0.1861

0.2715
0.196

0.1916
0.1487

0.6263
1.1925
2.3575

0.5257
1.2657
2.1686

0.5363
0.4175
1.71

0.7275
0.7038
3.0463

0.645
0.5463
2.9713

0.6663
0.6675
2.7725

0.2054
0.0763
6.2275

0.1897
0.0497
6.8036

0.2071
0.0924
7.9906

0.2186
0.1064
8.3331

0.2306
0.1049
7.0544

0.2101
0.0995
8.5106

0.2717
0.2192
54.6167

0.261
0.2203
45.3333

0.2508
0.2315
57.175

0.2858
0.2702
55.365

0.2427
0.2095
44.2767

0.2862
0.275
49.355

0.2982
11.45

0.3152
11.76

0.3328
12.26

0.3315
12.28

0.332
12.43

0.3345
12.2

Table 8.9: Average of all the characteristic properties obtained from different
fabric treatments.
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Sample Repeat
Repeat 1
Repeat 2
Repeat 3
1
Average

Women's Summer Wear (KN-302)
Primary Hand Value (1 to 10)
Fukurami
Koshi
Numeri
(Fullness and
THV (1 to 5)
(Stiffness) (Smoothness)
Softness)
5.13
4.19
5.92
2.8
5.14
3.64
5.51
2.81
5.65
5.36
7.61
2.15
5.30
4.39
6.34
2.58

2a

Repeat 1
Repeat 2
Repeat 3
Average

5.42
5.27
5.53
5.40

5.46
5.03
4.91
5.13

7.55
7.11
7.31
7.32

2.26
2.41
2.21
2.29

2b

Repeat 1
Repeat 2
Repeat 3
Average

7.26
6.94
7.19
7.13

3.2
4.24
3.66
3.70

5.92
6.55
6.85
6.44

2.23
2.26
1.79
2.09

3

Repeat 1
Repeat 2
Repeat 3
Average

7.39
7.33
7.1
7.27

2.81
3.24
3.41
3.15

6.03
6.75
6.22
6.33

2.1
1.72
2.2
2.01

4

Repeat 1
Repeat 2
Repeat 3
Average

7.09
6.99
7.02
7.03

2.99
3.35
2.93
3.09

6.09
6.07
5.92
6.02

2.24
2.32
2.35
2.30

5

Repeat 1
Repeat 2
Repeat 3
Average

6.93
6.67
6.84
6.81

3.83
3.84
2.55
3.40

7.1
6.99
5.76
6.61

1.75
1.95
2.5
2.06

Table 8.10: Primary and Total Hand Value of the fabrics after different
treatments.
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8.5: Conclusions
In conclusion, this work has demonstrated that the deposition of an ultrathin
coating, consisting of non-fluorinated, hydrophobic polymer and reactive silica
nanoparticles, led to the generation of an ultrahydrophobic textile surface. The fluorescent
labeling of the PGMA polymer has enabled to control the amount of polymer that is
adsorbed to the fabric. The polymer adsorption time and temperature were optimized
based on the fluorescent intensities obtained from the fabric. The effect of the alkali
treatment was found to be essential to increase the amount of polymer adsorption and the
optimization of the alkali treatment was also carried out to minimize degradation of the
fabric. Langmuir-like isotherm created in terms of the fluorescent intensity and adsorption
time predicted the conditions to reach the equilibrium amount of polymer adsorbed.
The concentration of the nanoparticle adsorbed on the fabric was also controlled
based on the fluorescence and SEM studies. After grafting the hydrophobic polymer,
WCA measurements showed contact angles as high as 165°. The self cleaning ability of
the fabric using graphite particulates was also demonstrated. The coating was permanently
anchored to the fiber boundary due to the chemical attachment of the nanoparticles and
polymers to the surface. Only a monolayer of the particles and polymer was necessary to
obtain a ultrahydrophobic, self-cleaning textile surface. The fabric hand evaluation using
the Kawabata Evaluation System showed only slight detorioration in the fabric hand,
thereby indicating that these fabrics after the nanoparticle modification process can still be
used for apparel purposes.
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CHAPTER 9
SUMMARY
This research has demonstrated the fabrication of ultrahydrophobic textile and
inorganic substrates using porous and bumpy approaches. Through these studies, the
formation of rough structures has been verified, which when combined with a nonfluorinated hydrophobic polymer is capable of showing superior water repellent
properties. The methods designed here can be commercialized depending on industrial
needs and standards. The conclusions based on the studies undertaken in this research
are categorized below according to the respective chapters.

9.1: Wettability of Ultrathin Porous Hydrophobic Polymer Films Prepared from
Phase- Separated Polymer Blend Systems
Porous polymer morphologies responsible for the surface roughness resulting
from phase-separated structures were formed using PS/SEBS blend systems. These
morphologies can be varied depending on the molecular weight of the polymer and
percentage composition of the polymer blend. Comparisons of the experimental results
to classical contact angle models demonstrate that the phenomenon of air entrapment in
the porous structures is responsible for the increase in water contact angle. Studies based
on air entrapment conditions demonstrate that the wetting behavior of porous polymer
structures follows a non-ideal rather than an ideal rough surface. Since these non ideal
surfaces are defined here as ideal surfaces with edge effects, the Gibb’s inequality
condition was used to study these surfaces. This porous polymer modification approach
was subsequently transferred to textile fabrics with the result that the WCA of the fabric
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increased beyond the ultrahydrophobic boundary. Changing the substrate from a flat
silicon wafer to a textile fabric resulted in an increase in the water contact angle by
approximately 30°. This increase is primarily attributed to the presence of the double
roughness profile created at the nano and micron levels by the porous morphology and
the fabric structure, respectively.

9.2: Two-Step Approach using Calcium Carbonate Nanoparticles
Bumpy profiles were created through a two-step approach using calcium
carbonate nanoparticles and SEBS polymer.

This method demonstrates that any

substrate, either flat or rough, can exhibit ultrahydrophobic properties. However, the
limitations of this method include nanoparticle aggregation and lack of robustness of the
coating. Due to the aggregation problems, the fabric hand decreased as a result of
increased fabric stiffness after the nanoparticle adsorption. Consequently, the fabrics
prepared here are more suitable for industrial applications than for apparel purposes,
where the fabric hand is very essential. In addition, the study of the shape factor of the
nanoparticle indicates that the shape does not play a major role in increasing the
hydrophobicity, although this may not apply to other nanoparticles; hence separate
studies of the shapes of those individual nanoparticles should be conducted. The high
water contact angle achieved on flat substrates using this approach has many potential
applications beyond textiles, such as automobile exterior surfaces, windshields, housing
walls, airplane surfaces, ship hulls and many more.

221

9.3: Surface Morphology of Cross-linked Tri-block Copolymer Films
To improve the robustness of the coating used in the previous two-step method, the
SEBS polymer containing the dispersed nanoparticles was cross-linked using
benzophenone as a photo-initiator, to restrict the movement of the nanoparticles.
Subsequently, the effect of cross-linking was analyzed through solvent exposure and the
results obtained exhibited unique swelling characteristics of the SEBS triblock copolymer
thin films. Analysis of the SEBS thin film morphology showed featureless morphology
at the micron scale before and after crosslinking of the film. But after exposure to
solvents, the featureless morphology changed to a ribbon-like morphology.

The

formation of this morphology is dependent on two factors: the crosslinking time and the
solvent used, specifically its solvating power and the individual preferences for each of
the blocks (PS and EB). For instance, solvents that swell EB blocks, such as toluene,
THF, hexane and cyclohexane, exhibit the formation of the ribbon-like morphology. On
the contrary, ethyl acetate, which only swells PS blocks, does not show this formation.
Morphology reversal was also found to be possible by switching between the solvents
used. Under all these conditions (before and after cross-linking, solvent exposure), the
thickness of the polymer film was found to remain constant, and where the ribbon-like
morphologies appeared, the RMS roughness values increased from ca. 5 to 10 nm.
Higher magnification SPM images of these morphologies demonstrated that the
characteristic finger print pattern of the SEBS block copolymer morphology is preserved.
These results support the previous studies found in the literature and indicate that this
behavior might be due to the wrinkling instability of the polymer thin film. If this
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morphology formation is controllable, it could result in numerous applications such as
patterning of substrates, smart surfaces with sensing and actuating characteristics,
nanofabrication and various electronic purposes.
9.4: Multi-Step Approach using Silver and Silica Nanoparticles
This approach, designed to reduce the nanoparticle aggregation and to improve
the durability of the coating, uses a multi-step process in the formation of a “nanoparticle
cage” between two reactive polymer layers. This approach entraps nanoparticles and the
subsequent grafting of hydrophobic polymer results in less aggregation and increased
hydrophobicity. Though all of the fabrics used in this approach showed increased water
repellency, not every fabric demonstrated ultrahydrophobicity to the extent of the CaCO3
nanoparticle methodology.

These results suggest that for a fabric to show the

ultrahydrophobic lotus-like effect, it is necessary not only to have the nano-level
roughness and hydrophobic component but also the appropriate micron-level roughness
inherent in the fabric structure. Although, in some cases, the appropriate micron-level
roughness and suitable hydrophobic component can result in lotus effect without the
required nano roughness.

The investigations here show that the fabric structure is

important in the fabrication of the lotus-effect, a factor which can be tuned by changing
the inter-yarn spacing, both in warp and weft directions.
The universality of this approach was verified using silica nanoparticles and the
mimicking of non-homogeneous distribution of the bumps on the lotus leaves was
attempted through a homogenous silica nanoparticle adsorption process. The roughness
required on the nano-scale was achieved; however, the micron level roughness was
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obtained through the fabric structure. This silica nanoparticles approach also exhibited
potential for creating lotus textiles but with some aggregation problems. The presence of
nanoparticles in the fabric after the modification made the fabric stiffer than before, and,
hence, methods for improving the fabric hand should be undertaken before further
applications.
9.5: Functionalized Silica Nanoparticles Approach
To address the issue of the fabric hand, a functionalized silica nanoparticles
approach was investigated. This work demonstrated that the deposition of an ultrathin
coating consisting of a non-fluorinated, hydrophobic polymer and reactive silica
nanoparticles led to the generation of ultrahydrophobic textile surface. The fluorescent
labeling of the PGMA polymer enabled control of the amount of polymer adsorbed onto
the fabric. The polymer adsorption time and temperature were studied based on the
fluorescent intensities obtained of the fabric.

An alkali treatment was found to be

essential in increasing the polymer adsorption, thereby preventing the degradation of the
fabric. Langmuir-like isotherms created based on the fluorescent intensity and adsorption
time predicted the conditions for reaching the equilibrium amount of polymer adsorbed.
The concentration of the nanoparticles adsorbed on the fabric was controlled based on
fluorescence and SEM studies.

After grafting the hydrophobic polymer, WCA

measurements showed contact angles as high as 165°. The self-cleaning ability of the
fabric was also demonstrated using graphite particulates. The coating created from this
approach, was permanently anchored to the fiber boundary due to the chemical
attachment among the nanoparticles, the polymers, and the surface. Only a monolayer of
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the particles and polymers was found to be necessary for obtaining the ultrahydrophobic,
self-cleaning textile surface. The Kawabata Evaluation System quantified only a slight
deterioration in the fabric hand indicating that even after the nanoparticle modification
process; these fabrics can be used for apparel purposes. As these results suggest, this
approach was found to be the best, demonstrating the lotus-effect with minimal
nanoparticle aggregation and polymer absorption. It also has the added advantage of
creating fabrics with excellent durability as a result of the chemical attachments between
the hydrophobic polymers with reactive groups and the functionalization of the
nanoparticles.
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the ACS National Meeting, March, 2005.
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APPENDIX I
ENHANCING THE WATER TRANSPORT PROPERTIES OF MULTILAYERED FABRICS USING WETTABILITY GRADIENT APPROACH

A-I.1: Introduction
The water transport property through fabrics is an important factor to be
considered, due to its effect on the clothing comfort.123 Better transport property design
will represent an increased level of comfort while wearing these fabrics. Specifically, in
the case of layered fabrics that are designed for a particular end use such as a military
wear (for protection), the study of water transport properties becomes essential due to the
decrease in the level of comfort as a result of the fabric layering.
The main goal of this research was to evaluate water and water vapor transport
properties through single and multi-layered polyester fabrics. By using a combination of
three fabrics/fibers of different levels of wettabilities, a multi-layered fabric was created.
Studies using two different fabric types were performed separately to evaluate the water
transport properties on these fabrics.

For the first study, polypropylene (PP) and

polyester (PET) [polyethyleneterephthalate] fibers were taken and woven directly into a
multi-layer fabric using a typical weave pattern. The second study involved hot pressing
of PET fabrics having different levels of wettability to obtain three layered fabric
assembly.
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A-I.2: Experimental
A-I.2.1: PP and PET fibers woven to multi-layer fabrics*
The three different relatively thick fibers were weaved in a three-layered fabric.
The weave pattern used here gave robustness and durability to the multi-layer structure,
so that each fabric layer cannot be peeled of the multi-layer structure easily. Here
different combinations of the layered fabric were created using a combination of three
fibers: PP, PET-untreated (PET fiber with no treatment) and PET-treated (the fiber
treated with poly(glycidyl methacrylate) (PGMA) and polyacrylic acid (PAA). Diameter
of the PP filament was 80 ± 5 µm and diameter of the PET filament was 85 ± 5 µm. The
different combinations of the layered structures are shown in Figure A-I.1.

A-I.2.2: Hydrophilization of PET fibers*
PET fibers were modified by grafting the hydrophilic polymer, PAA.

The

anchoring of the polymer to the fiber surface was realized via primary reactive polymer
layer of PGMA.4

To identify appropriate conditions for the grafting, the surface

modification was first studied on flat model PET films, convenient for an analytical
evaluation using ellipsometer and atomic force microscope. Specifically, PET films were
first treated with oxygen plasma in order to introduce reactive functional groups,

*

The fabric preparation was guided by Dr. Bhuvenesh C. Goswami and performed by
Mr. Suraj Sharma, at a fabric company (American Iwer, Greenville, SC), and the fiber
coating (instrumentation and experimental) by Dr. V. Klep, all from the School of
Materials Science and Engineering at Clemson University.
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necessary for the PGMA attachment. Plasma conditions were such that about 2-4 nm of
the material was etched from the surface by the treatment. Then, the model substrate was

Polyester treated
Polyester untreated
Polypropylene

#3

#2 reverse

#2

#1

#3 reverse

#1

#4

#5

#2

#3

#4

#5

Figure A-I.1. Top: multi-layer fabric combinations made from PP and PET fibers,
denoted by color keys. Bottom: photograph of the fabrics made.
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rinsed with ethanol, covered (by dip-coating from MEK) with a relatively thick layer of
PGMA (100-200 nm), dried, and heated at 600C for 1 hour to promote chemical bonding
of PGMA to the polymer surface. Excess of unreacted PGMA was rinsed off by acetone
treatment. Heating at 600C for 1 hour was found to ensure formation of smooth and
uniform PGMA of 4-5 nm in thickness. PAA (Mw=100,000 g/mol) was deposited from
2% solution in ethanol on the substrate covered with the PGMA layer. The samples were
air-dried and heating induced reaction of the carboxyl groups of PAA with epoxy groups
of PGMA.

2 hour heating at 800C resulted in PAA grafted layer of 10-12 nm in

thickness. After grafting, water contact angle for the flat PET substrate dropped from
about 650 to below 200.
In the subsequent step, PET fibers were hydrophilized with grafted PAA layer
based on the conditions determined for the model substrate. A new set-up using a
winding instrument was used for the PET fibers treatment and is shown in Figure A-I. 2.
Treatment was accomplished in a continuous mode, suitable for industrial scale-up and
the following protocol was employed.
•

Fiber was passed through two sequential TEFLON© containers with MEK in
order to remove finishes and other possible contaminants, which could screen
surface and prevent successful modification (each container had 500 ml and used
for 5 km of the fiber at speed of 2 km per hour).

•

Fiber was air-dried at ambient conditions.
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•

Fiber was passed through corona-discharge induced air plasma, immediately
afterward through TEFLON© container with 500 ml of 2% PGMA solution in
MEK and dried by stream of heated to 600C air. Fiber speed was 1.5 km per hour.
To monitor the deposition process, PGMA used was labeled with fluorescent dye,
Rhodamine B. Fluorescent analysis confirmed deposition of PGMA on the fiber,
shown in Figure A-I.3.

•

PGMA was reacted with the surface of the fiber for 1 hour at 600C.

•

Excess of PGMA was removed by rinsing with MEK, similar to earlier described
procedure for the fiber cleaning, but speed was reduced to 1 km per hour to ensure
complete removal of the unattached PGMA. (No fluorescent signal was observed
from the solvent after the rinsed fiber was soaked in MEK).

•

Fiber was air-dried at ambient conditions.

Fluorescent analysis confirmed

attachment of PGMA to the fiber (Figure A-I.3).
•

Fiber was covered with PAA by passing it through TEFLON© container with 2%
solution of PAA in ethanol and dried by stream of air heated to 600C. (Fiber speed
was 1.5 km per hour).

•

PAA was reacted with the PGMA anchored to the surface of the fiber for 2 hours
at 800C.

•

Excess of PAA was removed by rinsing with ethanol, similar to earlier described
procedure for the fiber cleaning, but speed was reduced to 1 km per hour to ensure
complete removal of unattached PAA.

232

FIBER
CORONA

TEFLON
WINDER

Fluorescent intensity, au

Figure A-I.2. Experimental set up for the modification of fibers with PAA. The
photograph illustrates the stages of corona treatment and PGMA deposition.
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Figure A-I.3. Fluorescent spectra of the PET fibers before and after PGMA deposition.
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A-I.2.3: PET fabrics heat pressed to form multi-layer fabrics†
Standard polyester (PET) fabrics style #703 obtained from test fabrics were used
for this study. The fabrics were initially rinsed in several solvents to remove the fabric
finishes and other contaminants. PET Fabrics with 4 different levels of wettability were
prepared by treating them with different polymers to change the level of hydrophobicity
and hydrophilicity. The levels of wettability were established using the water contact
angle measurements (WCA). The PET fabric rinsed with various solvents to remove the
contaminants was used as the control fabric with a low level of hydrophobicity (WCA 122° ± 1°). Then the fabric was treated with PGMA (WCA on a flat substrate of 50-60O)
and the WCA was reduced to almost zero (water was readily penetrating into the fabric).
This was used as a hydrophilic PET fabric. Later the PGMA covered PET fabric was
grafted with polystyrene-b-(ethylene-co-butylene)-b-styrene (SEBS) polymer to increase
the level of hydrophobicity. The WCA measurements on these fabrics showed a contact
angle of about 137° ± 5°, making this to be classified as a fabric with medium level of
hydrophobicity. Finally the PGMA covered fabric was treated with a combination of
nanoparticles and the SEBS polymer, to increase the hydrophobicity even further. The
WCA was found to be around 152° ± 3°, making the fabric to show high levels of
hydrophobicity. All these fabrics were used in different combinations for the multi-layer
fabric preparation as shown in Figure A-I.4.

†

Ben Thompson and Wasim Kabir, both high school students performed the
experimental work during their summer research program at the School of Materials
Science and Engineering at Clemson University, 2007.
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The multi-layer fabrics were created by using a carver laboratory press (Model
C). The combinations of the fabrics as shown in Figure A-I.4 were prepared by layering
the fabrics on top of each other using square pieces of fabrics about 2.5 x 2.5 cm. The
layered fabrics were then kept under a pressure of about 1000psi for 30 minutes between
the two hot plates.

The temperature of the both the top and bottom plates were

maintained to be around 150 °C (above the glass transition of PET but below the melting
point for PET crystals).
Hydrophilic
Hydrophobic (low/ level 1)
Hydrophobic (medium/ level 2)
Hydrophobic (high/ level 3)
#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

Figure A-I.4. Multi-layer fabric combinations made from PET fabrics of
different levels of wettability, denoted by color keys.
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A-I.2.4: Evaluation of the water transport properties using water evaporation test
The water transport properties of these fabrics were studied using a sensitive
weighing balance testing for the rate of evaporation of water, by placing a water droplet
underneath the fabric kept on a TEFLON© sheet and measuring the rate of weight change
as the water evaporate through the fabric. Appropriate measures were taken to prevent
the water droplet from evaporating through the sides (gap) between the fabric and the t
TEFLON© sheet by placing a small weight (frame made of “refrigerator magnetic strip”)
on top of the fabric. The magnetic frame used was large enough that it touches the fabric
and the weighing disc. The magnetic attraction between the disc and strip minimizes the
air gap between the fabric and the teflon sheet, so the water droplet cannot evaporate
through the sides. The set-up is shown using a schematic in Figure A-I.5. The arrow
marks in Figure A-I.5 show the evaporation of the water droplet through the fabric
structure. The weighing balance was interfaced to a computer to automate the process
and the data (weight of the water droplet) was recorded at regular intervals using the
LabView program.

Once the data for all the fabrics were gathered, the data were

(a)

(b)

Fabric

water evaporation
through the fabric

Water droplet

TEFLON sheet
Balance

Figure A-I.5. Experimental set-up of the testing of the water transport
properties of the single and multilayer fabrics (magnetic frame placed on top
of the fabric is not shown). (a) before placing the fabric on top of the water
droplet, and (b) after placing the fabric on top of the water droplet.
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analyzed to study the water transport behavior and observe if there is any dependence
between the evaporation rate and the multi-layer fabric ordering.

A-I.3: Results and Discussions
A-I.3.1: PP and PET fibers woven to multi-layer fabrics
Figure A-I.6 and Figure A-I.7, it can be observed that the multi-layer fabrics #1,
#2 reverse and #5 (refer Figure A-I.1 for color key) have the least evaporation rates than
the other fabrics. As expected, fabric #1 shows low evaporation rates of the water droplet
because of the presence of the PP hydrophobic layers on all the 3 layers. The lower
evaporation rate of fabric #2 reverse suggests that the wettability gradient is not high
enough for the water droplet to get transported from the hydrophobic PP layer to the
subsequent 2nd and 3rd layers of the PET untreated layer. Fabric #2 has just enough
gradient to transport the water quicker than the fabric #2 reverse. Fabric #5 also shows
low evaporation rate suggesting that the wettability gradient created with PET untreated
fabric layer in the middle of the two PP layers is not good enough for better water
transport. On the contrary, fabric #4 suggests that it has good transport phenomena. This
shows that when the gradient is high enough, such as water traveling from a highly
hydrophobic surface to a highly hydrophilic surface, the transport property is much faster
than it is when the gradient is only moderate with the transport happening between a
moderately hydrophilic surface to a highly hydrophobic surface. Also, fabric #3 and #3
reverse show higher evaporation rates suggesting that the reversing of the order does not
influence the water transport greatly as the wettability gradient remains constant.
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Figure A-I.6. Plot of water droplet evaporation over time for the PP-PET
multi-layer fabrics
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Figure A-I.7. Evaporation rate of water droplet on PP-PET multilayer fabrics
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A-I.3.2: PET fabrics heat pressed to form multi-layer fabrics
The hydrophilic PET fabric modified with PGMA and the control PET fabric
showing lower level of wettability than the other two fabrics exhibit better water
transport phenomena (Figure A-I.8). The fabrics with higher levels of wettability show
slower water evaporation as observed from Figure A-I.8.
From Figure A-I.9, A-I.10 and A-I.11, it can be observed that all the multilayered fabrics have higher evaporation rates except for fabric #4. This fabric contains
ultrahydrophobic layer contacting water directly.

Though this fabric shows lower

evaporation rates than the other multi-layer fabrics, this fabric exhibited a larger degree
of variability than the other fabrics. The evaporation rate (slope) of this fabric varied
from 0.012 to 0.028. We suggest that this is connected to difficulty to control (with our
current experimental set up) conditions for initial contact between water and fabric.
Specifically, in some experiments water is pushed through the ultrahydrophobic layer. In
another parallel test water was not pushed through the layer.
In general it was observed that all of the multilayer fabric combinations
(containing more hydrophilic layers) prepared in this study showed higher evaporation
rates similar to the single layer fabrics (hydrophilic PET and control PET with a lower
level of hydrophobicity). The formation of multi-layered fabrics does not decrease the
evaporation rate to as low as the fabrics with higher level of hydrophobicities. Instead
the water transport properties of these multi-layered fabrics are maintained similar to the
levels of single layered hydrophilic PET. Here it is also observed that this is true only if
there is a certain degree of wettability gradient.
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Figure A-I.8. Plot of water droplet evaporation over time for the single PET fabrics
of different levels of wettability
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Figure A-I.9. Plot of water droplet evaporation over time for the multi-layered
PET fabrics (#1 to #5) of different levels of wettability
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Figure A-I.10. Plot of water droplet evaporation over time for the multilayered PET fabrics (#6 to #11) of different levels of wettability
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Figure A-I.11. Evaporation rate of water droplet on PET single and multi-layer
fabrics of different levels of wettability
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A-I.4: Conclusions
In the case of single layered fabrics it is observed that the presence of hydrophilic
fabrics or fabrics with lower levels of hydrophobicity, promote the water transport
through the fabrics, while wettability gradient is important for the multi-layered fabrics to
exhibit good water transport properties. It is observed that higher the gradient better is
the water transport phenomena of these multi-layered fabric structures. This result is
consistent with both the fabric types, PP-PET fabric combination and the PET fabrics
with different levels of wettability.
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